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Abstract
This thesis concerns the atomistic investigation of the extra-cellular 
protein angiogenin. The main aims of this project are to propose new potential 
inhibitors to the angiogenin, and to investigate how they might bind to the 
protein. Two main families of inhibitors have been investigated; firstly, 
anthracycline antineoplastic antibiotics of which adriamycin is the parent drug; 
and secondly, uridine and cytidine nucleotide derivatives.
The project has been divided into four research areas; conformational 
analysis of adriamycin; conformational analysis of nucleotide derivatives; a 
comparative study of the published crystal structure of angiogenin and a 
published in-house homology model of the protein; finally a series of docking 
studies to explore the similarity of the active site of angiogenin to ribonuclease A. 
Angiogenin has been shown to be 68% similar to ribonuclease A on an 
atom-by-atom basis, and a new sequence alignment has been produced following 
the release of the crystal structure of angiogenin.
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CHAPTER 1  
INTRODUCTION
S u m m a ry : The design of novel inhibitors to a newly discovered protein can follow  
several prospective routes. One is to screen many known, isolated small molecules against the 
isolated protein; by looking for some form of inhibition, new lead compounds can be found. A  
second way is to take known substrates and known inhibitors and look at the similarities that 
exist between them. By analysis of these similarities the required functional groups, along with 
their necessary spatial arrangements, can be determined and therefore more potent inhibitors 
may be designed. The third way is to take the known structure of the protein, and the known 
active site geometry, and design inhibitors to interact and therefore bind into it. For this project 
these methods could not be fully utilised for the following reasons. Firstly, mass screening of 
drugs would be too costly and too time consuming; secondly, there are only a few known 
substrates and even fewer known inhibitors of angiogenesis, and none of these have been shown 
to interact with angiogenin; thirdly, the only 3D structure of the protein in existence at the start 
of the project was a model built using 35% sequence homology to ribonuclease A. For these 
reasons the project starts with a very big assumption. The anthracycline derivative TAN-1120, a 
patented drug with several unknown and as yet undetermined chiral centres was proposed to be 
an inhibitor of angiogenin. This assumption was based purely upon the vague biological activity 
of the drug and some intuition regarding its general structure. This drug possesses very good 
angiostatic activity, although, as will be seen, there are many possible targets involved in 
angiogenesis. Therefore, it seems statistically unlikely that this drug inhibit angiogenin itself. This 
chapter details the molecular systems mentioned and lays the foundations for the investigation of 
proposed lead compounds.
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Abbreviations:
aFGF: acidic fibroblast growth factor
ANG: angiogenin.
bFGF: basic fibroblast growth factor.
PD-ECGF: platelet derived endothelial cell growth factor
RNaseA: ribonuclease A.
TGF: transforming growth factor.
TNF: tumour necrosis factor.
VEGF: vascular endothelial growth factor,
VPF: vascular permeability factor.
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1 Introduction
This chapter introduces four topics that have been investigated during this project. The 
first is angiogenesis, and details are provided of the current understanding of this complex and highly regulated 
process. The second topic is angiogenin (ANG), a factor that is implemented in and promotes angiogenesis. 
This discussion also details the protein ribonuclease A (RNaseA), a protein with 35% homology to ANG. The 
third topic centres on the anthracycline drugs and their activity and structure. These drugs target helical D N A  
and may also targat helical RNA (Alberts, B et al, Molecular biology o f the cell, p 102, Garland publishing Inc. 
(New York & London) 1983.), thus they could bind to angiogenin as the protein moves along the nucleotide 
sequence that angiogenin cleaves. The final topic is nucleotides, which, if the homology to RNaseA is extended 
to substrate binding, may also lead to substrates or inhibitors of ANG.
1.1 ANGIOGENESIS (ANGIO)-VESSEL + (GENESIS)-GROWTH
Angiogenesis1, the formation of new blood vessels2, is one of the fundamental processes 
that governs reproduction, growth and wound repair. Under these controlled conditions angiogenesis is highly 
regulated, being turned on for brief periods of several days then completely inhibited. However, problems 
occur when this regulation breaks down. Some examples of this include:
Arthritis: Blood vessels uncontrollably grow into joints, destroying the cartilage and
resulting in severe pain.
Diabetes: Capillaries grow around the vitreous (the cavity of gelatinous aqueous fluid
that fills the interior of the eyeball, between the lens and retina) which bleed 
and cause blindness. Ocular neovascularisation is the main contributor to over
20 eye related diseases.
1 Folkman, J.; Shing, Y ./. Biological Chemistry 1992, 267:16, 10931.
2 Folkman, J. Biologic Therapy o f Cancer, (De Vita, V.; Heilman, S.; Rosenberg, eds.) pp 743-753; J. B.
Lippincott Co., Philadelphia, 1991.
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T u m o u rs : T h e  g ro w th  and metastasis (spreading to o th e r parts o f  the b o d y) o f  tu m o u rs
is h ig h ly  dependent u p o n  angiogenesis. A  tu m o u r co n sta n tly  stim ulates the 
g ro w th  o f  s u rro u n d in g  b lo o d  capillaries to feed its o w n  ra p id  g ro w th . T h e  
fo rm a tio n  o f these b lo o d  vessels also p ro vid e s a p a th w a y  fo r  the tu m o u r to 
spread to o th e r parts o f  the b o d y , su ch as lu ng , liv e r  and bones.
1.1.1 Current Understanding Of Angiogenesis
T w o  cell types, pericytes and end othelial cells, c a rry  a ll o f the necessary genetic co d in g  to 
b u ild  tubes, branches and c a p illa ry  n e tw o rks. Specific angiogenic factors in itia te  the n e tw o rk  fo rm a tio n , and 
others term inate it. T h e  process is in  constant regulated e q u ilib riu m . In  adults the process w il l  be d o rm ant, 
u n til a w o u n d  occurs, ra p id  p ro life ra tio n  then o ccurs fo r  about five  days an d  then stops. R e c e n tly  (m id  1980's) 
factors have been id en tifie d  and characterised that regulate angiogenesis (See table 1), and even m o re  re ce n tly  
the in teractio ns o f these factors w it h  n o n-vascu lar cells su ch as m acrophages3 and m ast cells have been 
discovered.
E ig h t p o ly p e p tid e  factors have been characterised and clo ned  in  v a rio u s  lab oratories; th e ir  
targets and actions are all v e ry  different. V a scu la r end othelial g ro w th  factor (V E G F )  and platelet d erive d  
endothelial cell g ro w th  facto r (P D - E C G F ) act as m itogens (cell d iv is io n  inducers) fo r  vascu lar e n d o th elial cells. 
T h e  acid ic and basic fib ro b la st g ro w th  factors (a F G F  and b F G F )  are m ore general in  th e ir  s tim u la tio n  o f  cell 
g row th. In  ad d itio n  to e n d othelial cells, th e y  also stim ulate the g ro w th  o f sm o o th  m uscle cells, fib ro b la sts and 
som e ep ith e lia l cells. Several lo w  m o le cu la r w eig ht factors are also angiogenic, su ch  as 1 -b u ty ry l g ly ce ro l4, 
prostaglandins P G E j and P G E 25, 6’ 1, n ico tin am id e8 and related co m p o u n d s su ch  as adenosine9, and som e
3 P o lv e rin i, P. J .;  L e ib o v ic h , J. S.; Lab. Invest. 1984, 51, 635.
4 D o b so n , D. E .; K am b e , A .; B lo c k , E .; D io n , T . L u , H .;  C aste llo t, J. J . J r .; Speigelm an, B. M . Cell 1990, 61, 
223.
5 F o rm , D . M .; A u e rb a ch , R .J. Natl. Cancer Inst. 1982, 69, 475.
6 Ben E rza , D . Am. J. Ophthal. 1978, 86, 455.
7 G raeb er, J. E .; G lase r, B . M .; Setty, B . N .  Y .;  Jerd an , J. A .; W alega, R . W .; Stuart, M . J. Prostaglandin 1990,
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degradation p ro d u cts o f h y a lu ro n ic  acid10. M o re  recently  (72 R )-h y d ro x y e ico sa trie n o ic  acid11 and o k a d a ic acid12 
have been rep o rted  to be h ig h ly  angiogenic, and certain  cop pe r com plexes s t ill have to be characterised. It  is 
k n o w n  that co p p e r d eficien cy can in h ib it  angiogenesis in  rab b its13, b u t the ro le  o f  co p p e r is s t ill  u n ce rtain .
F a c to r M r p I(p H ) Effect O th e r N o te s
b F G F 18000 9.6 + B o th  b F G F  and a F G F  stim ulate the g ro w th  o f m a n y  types o f  cells and 
b in d  to heparan sulfate p ro te o g lyca n  an d  copp er. T h e y  also stim ulate 
the m ig ra tio n  and tube fo rm a tio n  o f  e n d othelial cells.a F G F 16400 5.0 +
V E G F / V P F 45000 8.5 + H ig h ly  sp ecific fo r  p ro life ra tio n  o f  e n d othelial cells, s im ila r  in  stru ctu re  
to P D - E C G F .
P D - E C G F 45000 5.0 + Stim ulates D N A  synthesis and chem otaxis (m ovem ent b y  chem ical 
stim u lu s) in  end othelial cells.
T G F - a 5500 6.8 + T ra n sfo rm s n o rm a l cells to a transfo rm ed  p h e n o ty p e  (p h y sical state o f 
cell based o n  its genetic code and e n viro n m e n t).
A n g io g e n in 14100 9.5 o A n  essential facto r fo r neovascularisation , stim ulates e n d othelial cell 
secretio n o f  prostacyclines.
T G F - P 25000 4.0 - En hances e xtrace llu lar m a trix  p ro d u c tio n .
T N F - a 55000 4.0 - In du ces the p ro d u c tio n  o f  b F G F  in  e n d o th elial cells, chem otactic fo r  
m ono cytes and activates m acrophages.
T a b le  1 A n g io g e n ic  factors. (M r) - M o le c u la r w eight; (p i) ind ex (p H  at o p tim a l a c tiv ity ); E ffe ct o n  end othelial 
ce ll d iv is io n , ( + )  stim ulates, (-) in h ib its , (o) no  effect.
39, 665.
8 Kull, F. C. Jr; Brent, D. A.; Parikh, I.; Cuatrecasas, P. Science, 1987, 236, 843.
9 Fraser, R. A.; Ellis, M. Stalker, A. L. Current Advances in Basic and Clinical Microcirculatory Research
(Lewis, D. H., ed.) p.29 S. Karger A. G., Basel 1979.
10 West, D. C; Hampson, I. N , Arnold, F.; Kumar, S. Science 1985, 228, 1324.
11 Masferrer, J. L.; Rimarachin, J. A.; Gerrifsen, M. E.; Falck, J. R.; Yadagiri, P.; Dunn, M. W.; Laniado, S. M.
Exp. Eye Res. 1991, 52, 417.
12 Oikawa, T. Suganuma, M.; Ashino-Fuse, H.; Shimamura, M.; Jpn.J. Cancer Res. 1992, 83, 6.
13 Brem, S. S.; Zagzag, D.; Tsanaclis, A. M. C.; Gately, S.; Elkouby, M. P.; Brien, S. E. Am. J. Pathol. 1990, 
137, 1121.
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E v e n  w it h  su ch  a m ultitu d e  o f  isolated and characterised factors it  is s t ill u n ce rta in  h o w  
the entire angiogenesis process is regulated. T h is  p ro je ct centres o n  one o f those factors, an giog enin, the 
proposed  actio n and m ech anism  o f  action, and the possible  routes to c o n tro llin g  its action.
1.2 ANGIOGENIN
A n g io g e n in  (A N G )  is a basic, single ch a in , e xtrace llu lar p ro te in  o f  123 am in o  acid residues, 
and it is im p licate d  in  the g ro w th  o f  b lo o d  vessels in  hum ans. A N G  was first  isolated fro m  h u m a n  co lo re ctal 
adenocarcinom a cell lin e  H T - 2 9 14, and its p rin c ip a l substrate determ ined as 18S (2000 n u cleotid e bases) an d  28S 
(5000 nucleotid e bases) r ib o so m a l R N A ,  w h ic h  it cleaves to y ie ld  o ligo nu cleotid es o f 100 to 500 base p airs  in  
length. A N G  is a m em b e r o f  the ribo nuclease su pe r-fam ily  and its r ib o n u c le o ly tic  a c tiv ity  is im p licate d  in  its 
angiogenic a c tiv ity . It  is k n o w n  that A N G  undergoes endocytosis (inte rn alisatio n ) in to  p ro life ra tin g  
endothelial cells o f  the ca lf p u lm o n a ry  arterial cell lin e 15. In  th is stu d y  A N G  w as traced, an d  fo u n d  to 
translocate to the n u cle us w h e re  it accum ulated in  the n u cle o li. N u c le o li co n ta in  R N A  an d  R N A -b in d in g  
proteins w h ic h  are in v o lv e d  w it h  p ro te in  p ro d u c tio n . T h is  endocytosis has been s h o w n  to  be b lo ck e d  b y  
several k n o w n  e xtra ce llu la r substances such as exogenous actin, an anti-actin an tib o d y , he p arin, heparinase, and 
other h e p arin  lik e  species. T h is  a ll suggests the presence o f an A N G  b in d in g  p ro te in  o n  the surface o f 
endothelial cells, w h ic h  w ill  accum ulate angiogenin. T h e  plasm a m em brane w o u ld  then fo rm  a vesicle  b y  
fo ld ing a ro u n d  the b o u n d  p ro te in (s). T h e  vesicle then m ay  m erge w it h  o th e r vesicles o r  lysosom es before bein g 
transported to the nucleus. A N G  has a p ro p o sed  ce ll-b in d in g  site located in  the reg io n  o f  residues 60-68 and 
108-109. Studies have sh o w n  that b y  cleaving the sequence betw een L y s6 0  an d  A sn 6 1 , (Fett et al 198514) 
angiogenic a c tiv ity  o n  c h ic k  e m b ry o  ch o rio a lla n to ic  m em brane is destroyed, b u t r ib o n u c le o ly tic  a c tiv ity  
tow ards 18S and 28S rib o so m a l R N A  is retained. S im ila rly , the m utagenesis o f  residues 65 and 72  to  y ie ld  a 
fo u rth  d isu lp h id e  bridge, h o m o lo g o u s to that o f  the R N a s e A  p ro te in s, also reduces angiogenic a c tiv ity  w h ils t  
increasing rib o n u c le o ly tic  a c tiv ity . It  w o u ld  seem u n lik e ly  that a specific p lasm a m em brane tra n sp o rt p ro te in
14 Fett, J. W .; S try d o m , D . J.; L o b b , R . R .; A ld e rm a n n , E . M .; B ethune, J. L .;  R io rd a n , J . F .;  V allee , B . L .;
Biochemistry 1985, 24, 5480.
15 M o ro ia n u , J.; R io rd a n , J. F . Proc. Natl. Acad. Sci. USA. 1994, 91, 1677.
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w o u ld  exist to b in d  angiogenin. T h e re fo re, th is  b in d in g  site m ay be s im ila r  to b in d in g  sites o f  o ther 
e xtra ce llu la r p ro te in s that act in  the n u cle o li, and th e y  m ay all fo llo w  the same ce llu la r p ath w ay. O th e r 
m utagenesis studies s h o w  that the active site o f  A N G  m ay  no t be as s im ila r to R N a s e A  as w as p erhaps once 
thou ght.
1.2.1 Sources O f Structural D ata
A N G  bears a close h o m o lo g y  to b o vin e  pancreatic R N a s e A , h a vin g  a percentage 
h o m o lo g y 16 o f  33% . T h e  crystal stru ctu re  o f  b o vin e  pancreatic R N a s e A  is k n o w n ,17 alo ng  w it h  crystal 
stru ctures o f  the p ro te in  w it h  in h ib ito rs  b o u n d  in to  the active site (see fo r  exam ple, A g u ila r  et al., 199218; 
B ird s a ll et al., 199219, M ills  et al., 199220). H e n ce  a m od el o f  A N G  based o n  the k n o w n  stru ctu re  o f  b o v in e  
pan creatic R N a s e A  w o u ld  p ro v id e  the basis fo r  p h arm aco p h o re  design fo r  p ossible  anti-cancer drugs. P a lm e r21 
and m o re  rece n tly  C h e n  et a l.22 have b u ilt  su ch  a m odel and the p u b lic a tio n  o f  the crystal stru ctu re  o f  h u m an  
A N G 23 offers an o p p o rtu n ity  fo r  co m p ariso n . N a tu ra lly , the crystal stru ctu re  m ay n o t reflect the stru ctu re  
present in  aqueous s o lu tio n  due to crystal p a ck in g  forces, b ut w il l  give som e in sig h t in to  the s ta b ility  o f 
stru ctu ra l elem ents present. T h e  h o m o lo g y  m odels m ay reflect the parent stru ctu re  fro m  w h ic h  th e y  are 
d erived. T h is  co m p ariso n  is f u lly  detailed in  chap ter 5. T h e re  are m a n y  stru ctu ra l features to a n y  large
16 Strydom, D. J.; Fett, J. W.; Lobb, R. R.; Alderman, E. M.; Bethune, J. L.; Riordan, J. F.; Vallee, B. L. 
Biochemistry 1985, 24, 5486.
17 Borkakoti, N.; Moss, D. S.; Palmer, R. A. Acta Cryst. B 1982, 38, 2210.
18 Aguilar, C. F.; Thomas, P. J.; Mills, A.; Moss, D. S.; Palmer, R. A ./. Mol. Biol. 1992, 224, 265.
19 Birdsall, D. L.; McPherson, A. J. Biol. Chem. 1992, 267, 22230.
20 Mills, A.; Gupta, V.; Spink, N.; Lisgarten, J.; Palmer, R. A.; Wyns, L. Acta. Cryst.. B 1992, 48, 549.
21 Palmer, K. A.; Scheraga, H. A.; Riordan, J. F.; Vallee, B. L. Proc. Natl. Acad. Sci. USA 1986, 83, 1965.
22 Chen, J.; Howlin, B. J.; Tomkinson, N. P.; Webb, G. A ./. Chem. Cryst. 1994, 24, 27.
23 Acharya, K. R.; Shapiro, R.; Allen, S. C.; Riordan, J. F.; Vallee, B. L. Proc. Natl. Acad. Sci. USA 1994, 91, 
2915.
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m acrom olecule, and the fo llo w in g  is a d escrip tio n  o f  those seen in  A N G ,  based o n  the c u rre n t x -ra y  data an d  
the b io lo gical investigatio ns o f o th e r research groups.
1.2.2 Core Supporting Structure
T h e  o v e ra ll core stru ctu re  (See figures 1 and 2) o f  A N G  clo se ly  resem bles that o f  R N a s e A  
w ith  a te rtia ry  fold ed  stru ctu re  g iv in g  a k id n e y  shaped p ro te in . B o th  p ro te in s can easily  be o v e rla id  b y  b rie f 
analysis o f  the sheets and helices present in  the structures. T h e  sheeted stru ctu re  o f  b o th  p ro te in s has a s im ila r  
p a ir  o f an tip arallel tw isted  p-strands w it h  tw o  a d d itio n a l strands o n  either side o f these central strands. T h e  cell 
b in d in g  site o f  A N G  has a sh o rt stran d  that differs in  p o s itio n  to one seen in  R N a s e A . T h e  p o s it io n  o f  tw o  
helices are the same in  A N G  and R N a s e A , w ith  a t h ird  h e lix  that differs b y  ab out 20° in  re la tio n  to o th e r core 
stru ctu ral features. H e lix  1 com es close to the C -te rm in a l 3 10-h e lix, and helices 2 and 3 are o rie n ted  at ab o u t 7 0 °  
to the plane o f the p-sheet o n  either side o f  the solvent exposed P-strand (residues 41-47). T h is  stran d  p ro vid e s 
m uch o f one side o f  the ca talytic  active site, especially  in  the regio n o f the active site fo r  p u rin e  re co g n itio n  ( B I 
pocket). T h e  C -te rm in u s o f  A N G  fo rm s an extended 3 10-h e lix  no t seen in  R N a s e A , A N G  has three d isu lp h id e  
bridges w h ic h  are also present in  R N a s e A , alth o u g h  it  does la c k  a fo u rth , w h ic h  is again in  the cell b in d in g  area 
o f A N G .
1.2.3 C-Terminus
A s  noted above the C -te rm in u s (See figure 3) o f  A N G  extends in  a 3 i0-h e lix  co n fig u ra tio n  
as seen in  the x -ra y  data. T h is  p art o f  the p ro te in  does not seem to extend in to  the s u rro u n d in g  so lve n t as 
m ight have been expected. In  its c u rre n tly  determ ined p o sitio n  the C -te rm in u s b lo ck s  the ca talytic  active site. 
G l n l l 7  is the m ost in stru m en ta l in  th is b lo c k in g  action, as its side ch a in  extends u p  in to  the active site area. A t  
the v e ry  least th is m akes it im p o ssib le  fo r  A N G  to b in d  a p y rim id in e  base to the s tru ctu ra l e qu ivalen t o f  the 
R N a s e A  B, b in d in g  p ocket. I f  the C -te rm in u s does indeed adopt th is co n fo rm a tio n  in  s o lu tio n  an d  rem ains 
stable in  th is co n fo rm a tio n , then m a n y  o th e r questions need to be answered.
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Figure 
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T h e  rib o n u c le o ly tic  a c tiv ity  o f A N G  is related to its angiogenic a c tiv ity , and this raises the
q u estion of, h o w  the active site is opened up to a llo w  a substrate to b ind . T h e  cu rre n t hypotheses are as
fo llo w s:-
1. T h e  stru ctu re  o f  the C -te rm in u s as seen in  the crystal structure  is unstable in  aqueous so lu tio n ,
therefore, it is possible that the m echanism  o f action o f A N G  is s im ila r to R N a s e A .
2. T h e  stru ctu re  o f the C -te rm in u s as seen in  the crystal stru ctu re is stable in  aqueous so lu tio n ,
therefore, the stru ctu re  o f the C -te rm in u s becom es unstable w it h in  the b io lo g ical 
en viro n m en t.
3. T h e  stru ctu re  o f the C -te rm in u s as seen in  the crystal stru ctu re  is stable in  a b io lo gical e n viro n m e n t,
therefore, the C -te rm in u s m ay be m o d ified  o n  a stru ctu ra l basis, cleavage o r 
co n fo rm a tio n a lly  changed b y  the cell transpo rt processes.
4. T h e  C -te rm in u s is unchanged in  co n fo rm a tio n  and structure th ro u g h o u t its jo u rn e y  to the n u cle o li,
therefore, the C -te rm in u s is m od ified  in  the n u c le o li b y  an o th er as yet u n k n o w n  
activating factor.
5. N o  m o d ifica tio n  o f the C -te rm in u s is carried  out b y  an y as yet u n d isco ve re d  ce llu la r factor,
therefore, u p o n  b in d in g  to its standard substrate a co n fo rm a tio n a l change is induced.
6. N o  co n fo rm a tio n al change is ind u ced  u p o n  the C -te rm in u s b y  a n y  facto r o r  substrate.
therefore, A N G  b ind s p o o rly  to its target,
7. A n g io g e n in  b in d s t ig h tly  to its target substrate,
therefore, the target substrate m ust be b o u n d  in to  the active site in  an und isco ve re d  
b in d in g  m ode, p o ssib ly  u sin g  the p u rin e  pocket and an o th er as yet u n k n o w n  site.
13
Chapter 1: Introduction.
T h u s  the p o s s ib ility  rem ains that the C -te rm in u s m ay have been in c o rre c tly  m od elled  due 
to crystal p ack in g  forces. T h e re fo re  the need fo r  accurate s o lu tio n  stru ctu ral data b y  N M R  has been noted, and 
is o n g o in g .24
1.2.4 Active Site
Site-specific m utagenesis o f  the catalytic residues o f A N G  ( H is l3 ,  H i s l l 4  and L ys40 ) have 
revealed that all are essential fo r  b o th  r ib o n u c le o ly tic  and angiogenic a c tiv ity 25' 26. It  is noted that th is a c tiv ity  is 
v e ry  m uch less, b y  several orders o f  m agnitude, th an  that o f  R N a s e A  in  assays w it h  c o m m o n ly  used 
substrates27, 28. T hese studies reveal that A N G  has different preferences in  d in u cle o tid e  substrates o f  the fo rm  
(P y rim id in e )p (P u rin e ). A N G  prefers cy tid in e  o ve r u rid in e , and guanosine o ve r adenosine. I n  b o th  o f  these 
circum stances, R N a s e A  e xh ib its  the reverse b eh a vio ur. T hese differences m ust reflect differences in  the 
stru ctu re o f  the active site, an d  su rro u n d in g  b in d in g  sites. Since b oth catalytic h istidin es are essential to 
activ ity, and are conserved in  A N G ,  then the p ro te in  m ust cleave o ligo nu cleotid es in  a s im ila r  m an n er to 
R N a se A . T h e  different preferences suggest that the b in d in g  pockets fo r  p u rin e  and p y rim id in e  bases m a y  be 
different. T h e  active site o f  R N a s e A , sh o w n  stru c tu ra lly  in  figure 4, is k n o w n  to consist o f  several sub-sites. B y  
con sideration o f  the b io lo g ical a c tiv ity  alone, these m ust to som e extent m ust be con served  in  A N G .  (see 
R ich ard s &  W y c k o ff  197 7 29, R ic h a rd so n  et al 199030, and Pares et al 199131 fo r  exam ple). T hese sites are 
described b elo w . F ig u re  5 dem onstrates the v a rio u s sub-sites that are k n o w n  o r  p ro p o sed  to exist.
24 R eisd o rf, C .; A b e rge l, D .;  B ontem s, F .;  L a llem an d , J. Y .;  D ecottig nies, J . P.; S p ik , G . Eur. J. Biochemistry 
1994, 224:3, 811.
25 Shapiro, R ; V allee, B. L . Biochemistry 1989, 28, 74 0 1.
26 Shapiro, R ;  F o x , E . A.; R io rd a n , J. F . Biochemistry 1989, 28, 1726.
27 Shapiro , R ;  R io rd a n , J. F .;  V allee, B. L . Biochemistry 1986, 25, 3527.
28 H a rp e r, J. W .; V allee, B. L . Biochemistry 1989, 28, 1875.
29 R ich ard s, F . M .; W y c k o ff, H .  W . Enzymes 1 9 71 , 4, 647.
30 R ich a rd so n , R . M .; Pares X . ;  C u c h illo , C . M . Biochem.J. 1990, 267, 593.
31 Pares, X .;  N o g ue s, M . V .;  de L lo re n s, R .; C u c h illo , C . M . Essays Biochem. 1991, 26, 89.
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F ig u re  5 S tru ctu ra l diagram  o f the enzym e-substrate co m p le x o f an o lig o n u cle o tid e  and R N a s e A .
P 0 B in d in g  site fo r a phosphate at the 5 ’ p o sitio n  o f a p y rim id in e  base. T h e
residue in v o lv e d  is L y s 66.
P i B in d in g  site o f  b rid g in g  phosphate group o f (P y rim id in e )p (P u rin e ) substrate.
In v o lv e d  in  the cleavage o f the p hosphodiester b o n d  p -(P u rin e ). T h e  residues 
in v o lv e d  are H is l2 ,  L y s4 1 , H i s l l 9  and to som e extent G l n l l .
R ! T h o u g h  not p a rtic u la rly  w e ll defined, this site represents w here the ribose
w o u ld  be b o u n d  if  it was attached to a p y rim id in e  base that was b o u n d  to the 
B, site. N o  residues have been suggested to fo rm  this site as m ost o f  the ribo se 
extends in to  the su rro u n d in g  solvent.
B , T h e  b in d in g  site o f  the p y rim id in e  base on the 3 ' side o f  the ribose, a lthou gh
in  certain circum stances a retro -b in d in g  m ode has been observed w h e re  a
15
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guanine base has been shown to bind 32. Residues involved are Thr45, Phel20, 
and Serl23.
P2 Is the binding site for a phosphate attached to the 3' position of a nucleotide
bound to the B2 and R2 sites. Residues involved include Lys7 and ArglO.
R2 Similar to the Rj site this represents a pocket where a ribose would be bound.
This time the corresponding base would generally be a purine. Again there are 
no suggested residues that actively form this binding pocket, due to the ribose 
extending towards solvent.
B2 Preferentially binds purine. The residues involved are Asn67, Gln69, Asn71,
and G lu lll.
R3 & Bj RNA is a long chain polymer and the part that binds to the protein is only a
small part; further binding sites have been suggested where the next nucleotide 
could bind. These two represent the third nucleotide being bound to the 
protein surface at Lysl.
The specificity and nucleotide sequence of the substrate provides several possible binding 
modes. The preference for RNaseA is to cleave at a site between a uridine base and an adenosine base, 
-X-U-A-X-, where X is any ribonucleotide base.
Through various studies it has been determined that the active site residues of RNaseA are 
conserved in ANG, though they also suggest that there are some differences in the exact role these that residues 
play in binding substrates. Listed below is a summary of the roles of these residues and the current 
understanding of their counterparts in ANG. The residues are listed with the RNaseA residue first and the 
sequence equivalent in ANG second, (RNaseA : ANG).
32 Aguilar, P. J.; Thomas, P. J.; Mills, D. S.; Moss, D. S.; Palmer, R. A. J. Mol. Biol. 1992, 224, 265.
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12.4.1
His 12 :
Lys41 :
H isll9
1.2.4.2
G l n l l  :
Thr45 :
Asn67
Gln69
Residues Involved In Catalytic Activity
H isl3 Fundamental role is that of base and acid, first by abstracting a proton from
the 2'-OH of ribose Rt, and then protonating the 2'-OH following the 
cleavage of the phosphodiester bond.
Lys40 In RNaseA it directs the binding of the phosphate and then stabilises the
intermediate. It forms hydrogen bonds to 2'-OH of ribose at Rt. Structural 
evidence supports the hypothesis that this residue does maintain the same 
function in ANG.
: H isll4  In RNaseA it acts as acid then base by first protonating the leaving nucleotide
group, then accepting a proton from solvent to decyclise the phosphate and 
recover the catalytic configuration.
Residues Involved In Binding Bases
Glnl2 For both RNaseA, and based on the structural equivalence in ANG, this
residue helps to stabilise the highly charged phosphate group at the P, site by 
hydrogen bonding interactions.
Thr44 In RNaseA this residue forms part of the B, pocket forming two hydrogen
bonds to pyrimidine bases, the geometry favouring uridine over cytidine. In 
native ANG, G ln ll7  hydrogen bonds to Thr44, but if a C-terminal 
rearrangement is induced then it may be that the role is conserved.
Forms part of the B2 binding pocket of RNaseA, forming hydrogen bonds to 
purine bases. The lack of structural similarity in the region means that no 
equivalent residue is found in ANG, although the corresponding sequence 
may well be involved in cell binding.
Asn68 This is part of the B2 pocket; the equivalent in A N G  is considerably distorted
but the overall result is a similar orientation of the side chain.
17
Asn71 : Asn68 Again part of the B2 site, it forms hydrogen bonding interactions to any base 
bound at the site. The ANG  equivalent is in a similar position for binding, 
although the lack of a disulphide bond to residue 72 does increase the degree of 
freedom of this part of the protein sequence.
Glul 11 : Glul08 These form the last of the B2 residues, and form hydrogen bonds to bound 
purine bases. The ANG  equivalent is well conserved.
Phel20 : L eull5 Both form an equivalent hydrophobic side to the Ba pocket, and is one of the 
B, residues that seems to be reasonably well conserved.
1.2.4.3 Selected Residues On The C- Terminus
Serl23 : Seri 18 Forms part of the Bj site. In the crystal structure of ANG  Serll8 is in a totally 
different orientation, although if a C-terminal rearrangement occurs then it 
still remains possible for this residue to have an equivalent role.
Aspl21 : A sp ll6  A potential source of a proton for H isll9  in RNaseA, though in ANG  the 
orientation of the C-terminus prevents this interaction from forming. Instead 
interactions with His 114 are forced to be through water.
Alal22 : G ln ll7  In RNaseA the alanine creates room for the binding pyrimidine base to the Bt 
pocket, but in ANG  the sequence equivalent glutamine extends up into the Bt 
pocket forming a formidable barrier to binding pyrimidines. The side chain 
forms extensive hydrogen bonding interactions to the surrounding protein.
It is clear, then, that extensive rearrangement of the C-terminus is required before any 
pyrimidine can be bound to the Bj site of angiogenin. If G ln ll7  is somehow removed from the pocket, then 
with the differences in surrounding non-conserved residues, it is entirely possible for the Bt pocket to 
preferentially bind cytidine over uridine. For purine binding most of the residues associated with the B2 pocket 
are conserved, if not in wholly equivalent positions. These differences in position may form the difference in 
specificity of the purine bases.
Chapter 1: Introduction.____________________________________________________
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The lack of a disulphide bond near to the B2 pocket means that A N G  has a greater
flexibility at this site. If the C-terminus rearranges before binding then it would have to include residues from
A sp ll6  to the terminus at Prol23. Consequently any rearrangement would require G ln ll7  to be fully 
removed, possibly rotated by 180°; Aspl6 may then be able to protonate H isll4 , and Serll8 may have moved 
to a hydrogen bonding position with the pyrimidine substrate. All this is of course conjecture and even 
extensive simulations have been unable to prove or disprove these hypotheses (See chapter 5). Only a crystal 
structure or similar structural data from NMR or reliable experimental binding data of a bound inhibitor to 
ANG  can prove or disprove this. However, the inconsistent homology model of A N G  built by Chen and 
Tomkinson may yet prove to be the binding configuration for this protein. It has been noted that the 
ribonuclease family of proteins are rigid binders and do not relax much upon complexing with substrates; 
ANG  may or may not follow this pattern.
1.2.5 Putative Cell Binding Site
A peptide sequence in two neighbouring loop regions of A NG  has been proposed as a cell 
binding site (See figure 6) to proliferating endothelial cells. This has been established by mutagenesis studies 
which in turn abolished or reduced the angiogenic activity without vastly reducing ribonucleolytic activity.
The two segments that correspond to this are Asn59 to Asn68 and Glul08 to GlyllO. This
is the region that least resembles the RNaseA counterpart. Numerous deletions are made in both protein
sequences to re-align them, although it is noted that there is a 3 residue sequence in this region that does seem 
to be structurally similar when considering the backbone conformations (residues 63-65). Both of these short 
sequences contain an asparagine and may represent part of a long forgotten ancestor of both proteins, now lost 
through evolution33. The only structurally equivalent residue, Asn68, is one that forms part of the B2 pocket. 
Maybe this is conserved because of a need to preserve the purine binding ability. It is interesting to note that 
alternative residues point into and out of these two regions.
33 Beintema, J. J. Life Chemistry Reports, 1987, 4, 333.
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It would seem that evolution has taken one protein and refined it to perform two different 
tasks; one to bind RNA, and the other to bind both to RNA and to a cell. Evidently it would appear that 
ANG may have sacrificed some of its substrate binding ability to enable it to evolve this additional function.
1.3 ANTHRACYCLINES
The family of drugs known as anthracycline antineoplastic antibiotics are very effective 
anti-cancer agents, with a wide variety of uses in chemotherapy treatment. Since the first anthracyclines were 
isolated from Streptomyces peucetius, they have been shown to have potent anti-cancer activity34, 35’ 36. Several 
natural37’ 38‘ 39, 40, 41 and synthetic42 analogues have been produced. It was evident that although the parent drugs 
daunorubicin and especially adriamycin had a broad range of applications they also had dose related irreversible 
cytotoxicity (toxic to living cells). Obviously their role of destroying cancerous cells is linked to their 
cytotoxicity, but their toxicity towards healthy cells was undesirable. Hence there are now many hundreds of 
synthetic and naturally produced analogues. The active structural features of these drugs have been determined,
34 Arcamone, F; in Topics in Antibiotic Chemistry [Sammes, P. G., Ed.] pp 95-110, Ellis Horwood, Chichester, 
U .K .1978.
35 Arcamone, F. in Doxorubicin, Anticancer Antibiotics [Crook, S. T., & Reich, S. D., Eds] Medicinal 
Chemistry 17, Academic Press, N ew  York 1981.
36 Brown, J. R. in Molecular Aspects of Anti-cancer drug action pp 57-92, Macmillan press, London. 1983.
37 Fomichova, E. V.; Fedorova, G. B.; Potapova, N . P.; Katrukha, G. S.; /. Antibiot. 1992, 45:7, 1185-1186.
38 Yoshimoto, A; Fujii, S; Johdo, O; Kubo, K; Nishida, H; Okamoto, R; Takeuchi, T; J. Antibiot. 1993, 46:1, 
56-64.
39 Ubukata, M; Osada, H; Kudo, T; Isono, K; J. Antibiot 1993, 46:6, 936-941.
40 Ylihonko, K; Hakala, J; Niemi, J; Lundell, J; Mantsala, P; Microbiology UK 1994, 140:6, 1359-1365
41 Fomicheva, E . V.; Fedorova, G. B.; Potapova, N . P.; Katrunkha, G. S.; Antibiotiki I  Khimioterapiya 1992, 
37:8, 27-29
42 Yoshimoto, A; Johdo, O; Tone, H; Okamoto, R; Naganawa, H; Sawa, T; Takeuchi, T; J. Antibiot. 1992, 
45:10, 1609-1617.
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and the key active structural features detailed. Modifications to the parent drug have led to lower levels of 
cytotoxicity and drugs for specific applications.
1.3.1 Structure
The features necessary for activity include a tetracyclic moiety (aglycone) consisting of an 
anthracenequinone with a semi-saturated six membered ring, referred to as the A-ring; a carbonyl substituent at 
the C-9 position of the A-ring; an amino furanose sugar, with a protonated amine at the 3' position; and finally 
a glycosidic linkage to the A-ring. Refer to figure 7 for the following discussion.
Figure 7 Adriamycin, also known as doxorubicin: Showing the aglycone BCD rings, anchor A-ring, and amino 
sugar.
1.3.1.1 Aglycone (Rings B, C A nd  D)
The anthracenequinone has been shown to intercalate with D N A 43, inserting itself 
in-between two CG base pairs. It has two hydroxyl groups which form intramolecular hydrogen bonds44 to the 
two respective keto groups of the neighbouring quinone functionality. In the intercalated complex these 
hydroxyl groups and the quinone help to hold the aglycone in place with interactions to the surrounding 
D N A 45, 46, either directly or through bound water molecules. The presence of a methoxy group at the C-4
43 Neidle, S. Prog. Med. Chem. 1979,16, 151.
44 Bushelev, S. N.; Stepanov, N. F.; Z. Naturforsch 1989, 44c, 212.
45 Morre, M. FI,; Hunter, W. N . d'Estaintot, B. L.; Kennard, O .;/. Mol. Biol. 1989, 206, 693.
23
Chapter 1: Introduction.
position provides the possibility for a thymidine mimic, and as a tether holding the aglycone in a perpendicular 
orientation with respect to the base pairs of the surrounding DNA. The absence of a methoxy group at this 
position increases the mobility of the intercalated drug and thus alters the relative geometry of the 
anthracycline within the DNA.
1.3.1.2 A-Ring
The semi-saturated A-ring of the aglycone forms the central part of the drug, and is known 
as the anchor ring. Being central to the drugs structure its modification can lead to large changes in intercalative 
activity. A hydroxyl group at C-9 forms a strong interaction to a neighbouring guanine base in the D N A  
complexes. This hydroxyl group is essential, and it's absence leads to a dramatic loss of intercalating activity. 
The conformation of this ring in polar and non-polar solvents is known47, with the hydroxyl at C-9 being 
almost axial to the plane of the aglycone. This is consistent with the known crystal structures of D N A  
complexed anthracyclines 12 4S, and in-line with computer simulations (See Chapter 3). The other atoms of this 
ring are under the influence of the neighbouring fused aromatic ring and tend towards a planar geometry. In 
the crystal structures of D N A  complexes, the amino sugar is situated in the minor groove which enables 0 -7  
to be placed in an axial position. Therefore, it can no longer form a hydrogen bond to the hydroxyl group at 
0-9. However, this particular interaction may be important in orienting the free anthracycline, and thus
constraining the conformation of the anthracycline before intercalation.
1.3.1.3 C-9 Carbonyl Substituent
The carbonyl substituent, at the C-9 position, provides further stabilisation of the 
drug-DNA complex. This is achieved by hydrogen bonding interactions through bridging waters with 
cytidine. This functional group also allows for extended interactions with D N A  binding proteins. For example 
topoisomerase II, which induces a topological change in DN A , and is essential for cell replication. Factors
46 Gao, Y. -G.; Wang, A. H. -J. Anti-cancer drug design 1991, 6, 137.
47 Penco, S.; Vigevani, A.; Tosi, C.; Fusco, R.; Borghi, D.; Arcamone, F. Anti-cancer drug design 1986, 1, 161.
48 Frederick, C. A.; Williams, L. D.; Ughetto, G.; van der Marel, G. A.; van Boom, J. H.; Rich, A.; Wang, A.
H.-J. Biochemistry 1990, 29, 2538.
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which add to the stabilisation of the DNA-topoisomerase II complex interfere with D N A  replication and 
eventually lead to cell death. Anthracyclines49 with a short C-9 substituent successfully stabilise the 
topoisomerase II-DNA interaction, and therefore prevent the cleavage of DN A . Anthracyclines with longer 
C-9 substituents do not block the action of topoisomerase II and thus D N A  cleavage is still induced.
1.3.1.4 Amino Sugar
The amino sugar, attached to the A-ring by a glycosidic linkage, has been the source of 
many modifications to yield other drugs of differing potency. This has met with mixed success50 51. The amino 
sugar is not wholly involved in intercalation and its modification can yield drugs for a variety of applications. 
For example, the replacement of the 4'-hydroxyl for an iodine atom, yields 4'-iodo-4'deoxydoxorubicin52. This 
drug, with reduced basicity of the 3'-amino group, is effective against human and murine (mouse) P388 
leukaemia cells lines, which are resistant to doxorubicin, the parent drug. The increased effectiveness seems to 
be a consequence of its increased rate of uptake caused by increased lypophilicity. These applications arise from 
secondaiy interactions, where the sugar binds or interferes with D N A  binding proteins. One such interaction 
is with D N A  ligase, where the amino sugar is known to bind and inhibit the D N A  joining activity of this 
protein. One side of the amino sugar is in contact with the minor groove of the host DNA, the most 
important interaction coming from the electrostatic attraction of the positively charged 3'-amino group with 
the phosphate of the D N A  backbone. The other side of the amino sugar, with the 4'-OH and 6'-methyl, is less 
embedded into the host DNA, and therefore provides the basis for further functionality. TAN-1120, an 
angiostatic drug detailed later, has further functionality in the form of an eight membered ring and pendant 
substituents that include both the 3'-amino and 4'-OH.
49 Bodley, A; Liu, L. F.; Israel, M.; Seshadri, R.; Koseki, Y.; Giuliani, F. C,; Kirschenbaum, S.; Silber, R.; 
Potmesil, M. Cancer research 1989, 49, 5969.
50 Arcamone, F.; Penco, S.; Vigevani, A.; RedaelU, S.; Franchi, G.J. Med. Chem. 1975, 18:7, 703.
51 Tong, G. L.; Wu, H. Y.; Smith, T. H.; Henry, D. W./. Med. Chem. 1979, 22:8, 913.
52 Barieri, B.; Giuliani, F. C.; Bordoni, T.; Casazza, A. M.; Geroni, C.; Bellini, O.; Suarato, A.; Gioia, B.; 
Penco, S.; Arcamone, F. Cancer Research 1987, 47, 4001.
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1.3.2 Unanswered Conformational Questions
Two conformational features of adriamycin remain to be fully analysed. These concern 
the glycosidic linkage in between the sugar and the A-ring and an out of plane bend which is sometimes seen in 
the aglycone. The investigation in chapter 3 is aimed at understanding these two conformational features, 
whether they exist, and if they do, what implications they have on D N A  binding. For simplification the data 
collected are restricted to the parent drug adriamycin (see Figure 7) and closely related analogues. If more 
exotic analogues were to be considered then the difference in the substitutions at key points may be an 
overriding influence upon their structure and therefore may bias any conclusions. To complete the study in 
chapter 3 two lengthy molecular dynamics simulations have been used to ascertain how flexible various 
conformational parameters are. These molecular dynamics simulations provide some detailed statistical data 
and degrees of flexibility over a narrow range of frequencies. The current level of computational resource 
available limits the length of any time related conformational studies on the drugs to the level of pico-seconds 
to nano-seconds. This range is suitable for modelling these drugs. The only other conformational changes 
possible are those concerned with the flipping of saturated and semi-saturated six membered rings from one 
chair or boat form to another. The rigidity of the saturated and semi-saturated rings in adriamycin is such that 
ring flipping will occur on a longer time scale than its biological interaction with a protein or DN A . Hence 
ring flipping does not need to be considered for this investigation.
1.3.2.1 Glycosidic Linkage
The glycosidic linkage as seen in the free and bound drugs is in a constrained, almost 
eclipsed conformation. The linkage is naturally constrained to this position by steric and electrostatic 
interactions. Neidle and Taylor 197953 have investigated the glycosidic linkage by using in vacuo potential 
energy functions. The generation of a phi-psi torsion energy map, which yields information in the form of a 
3D potential energy surface is detailed in chapter 3. This is based on a molecular mechanics approach, and
53 Neidle, S.; Taylor, G. L. FEBSLetters 1979, 107:2, 348.
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reveals ail energy well, of 9 kcal mol'1, with the lowest energy, and most frequently observed, conformer 
located close to a fully eclipsed glycosidic conformation.
1.3.2.2 Out O f Plane Bend O f The Aglycone
The quinone function of the aglycone induces a conjugative effect shortening the bonds 
parallel to the keto groups, and lengthening the bonds from the carbonyl to the adjacent aromatic rings. This 
causes a slight but noticeable bend in the aglycone. Some crystal structures show this quite distinctly 54, 55,56, 
whereas others are essentially flatS7’ 58,59,60. Current studies using semi-empirical molecular orbital methods (See 
chapter 3) reveal that a conjugation effect of the quinone is indeed seen in these drugs. This prompts further 
questions as to why some crystallographic structures show the aglycone to be flat.
1.3.3 Proposed Biological Action
The uptake of the anthracycline antibiotics is directly related to their lipophilicity; the 
more lipophilic they are the faster the uptake. Skovsgaard et al 1982 61 suggest carrier-mediated transport in 
tumours, where the drug binds to the surface cell receptors. The most likely case, considering the positive 
charge of the drug, would be to negatively charged phospholipids. Skovsgaard also indicates that the rate of 
uptake rate of the drug is limited by the time needed to cross the nuclear membrane. N o clear indication is
54 Sulikowski, G . A.; Turos, E.; Danishefsky, S. J.; Shulte, G. M./. Am. Chem. Soc. 1991,113, 1373.
55 Siriwardane, U.; Khanapure, S. P.; Biehl, E. R. Acta. Cryst. C. (Cr. Str. Comm.) 1990, 46, 924.
56 Bear, C. A.; Waters, J. M.; Waters, T. N ./. Chem. Soc. Perkin Trans. 2 1972, p. 2375.
57 Angiuli, R.; Foresti, E.; Riva di Sanseverino, L.; Isaacs, N. W.; Kennard, O.; Motherwell, W. D. S.; 
Wampler, D. L.; Arcamone, F. Nature (London), New Biol. 1971, 234, 78.
58 Borkowitz, D. A.; Danishefsky, S. J.; Shulte, G. IC./. Am. Chem. Soc. 1992, 114, 4518.
59 Neidle, S; Taylor, G. Biochem. Biophys. Acta. 1977, 479, 450.
60 Courseille, C; Busetta, B; Geoffre, S; Hostpital, M. Acta. Crystallogr. Sect. B. 1979, 35, 764.
61 Skovsgaard, T.; Nissen, N. I. Pharmac. Ther., 1982,18, 293.
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given as to whether the drug does bind to a receptor or if it merely diffused through the cell membranes to get 
to the nucleus.
1.3.4 Tan-1120
TA N -1120 was first isolated from a Streptomyces strain isolated from a soil sample 
collected at Kunisaki Peninsula in Oita Prefecture, Japan. The organism was characterised as a new subspecies 
and named S. triangulatus subsp. angiostaticus subsp. nov. due to its specific ability to produce the drug 
TAN-1120. The substance was isolated as a red powder and its structure elucidated as below in Figure 8. The 
drug strongly inhibits the proliferation of vascular endothelial cells, those that form new capillaries, although it 
does not prevent them from forming new capillary cords, which are needed to direct the growth of a new 
capillary. Thus in essence, the drug stops capillary formation by preventing cell division, not by preventing 
existing endothelial cells from forming these sprouts that guide the growth of a capillary. The parent drugs, as 
mentioned above, are known to intercalate with DNA, therefore it is probable that TAN-1120 acts in a similar 
manner, entering an endothelial cell by endocytosis along with other molecules bound for the nucleus. Once 
there it may bind to D N A  or RNA and block the transcription of proteins, or replication of DN A , and thus 
prevent the whole cell from dividing.
Figure 8 Structural diagram of TAN-1120 showing numbering of extended sugar functionality. [?] indicates 
unresolved chirality, [T] indicates tautomerisation.
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1.4 NUCLEOTIDES
Nucleotides have been proposed as potential angiogenic inhibitors, by relation to the 
homology that exists with RNaseA. In RNaseA the polynucleotide ligand is bound to several binding sites as 
mentioned in the previous description of ANG. The ligand is then cleaved by acid-base hydrolysis of the 
phosphate, to yield two separate nucleotide bases. In the cell these nucleotides would be several hundreds or 
even thousands of bases long, hence the extension of further binding pockets for nucleotides further down the 
chain.
1.4.1 Structure
The structure of a nucleotide base consists of three parts, base, sugar and phosphate. The 
base is always attached to the same position of the sugar, and the sugar is either ribose or 2'-deoxy-ribose.
1.4.1.1 Base
There are two types of base found in RNA, and there are two types of each base. These 
are purine (guanosyl and adenosyl) and pyrimidine (cytidyl and uridyl). See Figure 9 below.
__________________________________________ A. D. Allen - Dept, of Chemistry, University of Surrey.
Figure 9 The RNA bases: pyrimidines (cytosine and uracil), and purines (adenine and guanine).
The conformation of the base with respect to the sugar falls into two possible rotamers. 
Since the bases are rigid there are no other conformational concerns for this part of the nucleotide.
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1.4.1.2 Sugar
T h e  n u m b e rin g  schem e o f the sugar is taken fro m  the p o s it io n  o f  the base, and to 
d istin guish  it  fro m  the n u m b e rin g  o f  the base the n u m bers are fo llo w e d  b y  a ' (denoted as p rim e ). T h e  base is 
alw ays attached to the l'-p o s it io n , w h ic h  is next to  the rin g  oxygen, o n  the opp osite  side to the - C H 2- O H  
p o sitio n . N u m b e rin g  co n tinu es a ro u n d  the base in  a d ire ctio n  aw a y fro m  the r in g  oxygen . T h e re  are 3 
h y d ro x y l groups o n  the rib o se  at the 2'-, 3 '- and 5' po sitio ns; therefore, there are 3 possib le  p o sitio n s  f o r  the 
phosphate to b ind . In  R N A  and D N A  the phosphates b in d  at the 3 '-  and 5'- p o sitio n s thus co n n e ctin g  the 
riboses o f tw o  bases. In  D N A  the 2 '- h y d ro x y l has been reduced. T h e  co n fo rm a tio n  o f the sugar g enerally  falls  
in-between one o f tw o  form s, e ith e r eclipsed o r  tw isted. T h e  tw isted fo rm  can take one o f  tw o  extrem es, and 
the fin a l stable c o n fo rm a tio n  o f  the sugar, is dependent u p o n  external factors o r  so lve n t and crystal p ackin g . 
T h e  co n fo rm a tio n  therefore falls som ew here in-betw een these extrem es. See F ig u re  10 belo w .
c b
(a ) (b) (c )
F ig u re  10 R ib o se  co n fo rm a tio n s: (a) tw isted  o r  staggered co n fo rm a tio n ; (b) f u lly  eclipsed c o n fo rm a tio n ; (c) 
alternate tw isted o r  staggered co n fo rm a tio n .
1.4.1.3 Phosphate
A s  described earlier, the phosphate can be attached to one o r  m o re  o f  three p o sitio n s o n  
the ribose. N o rm a lly  o n ly  the 3 '-  and 5 '- p o sitio n s are used b y  p o ly n u cleo tid es. T h e re fo re  b y  u sin g  the l ' -  
p o sitio n  "u n n a tu ra l" ligands to b io lo g ica l targets can be synthesised. T h e  phosphate is d ire c tly  in v o lv e d  in  the 
m echanism  b y  w h ic h  the nucleotides are cleaved. F o r  this reason, d irect m o d ifica tio n  o r  replacem ent o f  the 
phosphate can lead to p oten tia l in h ib ito rs .
1.4.2 Ribonucleolytic Cleavage O f A Dinucleotide
T h e  active site residues in  the m echanism  are tw o  histidines, H is l2  and H i s l l 9  ( H is l3  &  
F I i s l l 4  in  A N G ) .  T hese p ro v id e  the acid  and base fu n c tio n a lity  needed to h y d ro ly s e  the p h o sp h o d ie ste r b ond .
30
A. D. Allen - Dept, of Chemistry, University of Surrey.
T h e  m ech anism 116 proceeds in  tw o  steps, the first sees H is l2  acting as a base and H i s l l 9  acting as an acid; the 
second step sees these roles reversed.
1.4.2.1 Step 1: Cyelisation O f The Phosphate.
F ig u re  11 Step 1 o f  r ib o n u c le o ly tic  cleavage o f  a dinucleotid e.
T h e  first step (refer to fig ure 11) sees H i s l l 9  already p ro to n ate d  b y  the n e a rb y  A s p l2 1 ,  
and H is  12 w ith  a free lo n e  p a ir  o n  the e p silo n  n itro g en  ready to accept a p ro to n . T h e  o ligo , di, o r  even 
m o n o -n u cle o tid e  b ind s in to  the active site w ith  the p y rim id in e  and p u rin e  bases oriented  su ch  that the leaving 
(R ) g roup  w il l  u s u a lly  be the p u rin e  base. H i s l 2 makes close contact w it h  the 2 '- O H  p ro to n  o f the p y rim id in e  
n u cle o tid e  w e aken ing  the O - H  bond . A t  the same tim e the p h o sp h o ru s atom , o f  the p hosphate at the 
3 '-p o sitio n  o f  the p y rim id in e  n u cleotid e sugar, fo rm s a pentavalent tra n sitio n  state b y  b o n d in g  to the 2 '- O H  
oxygen. T h e  5 '- 0  leaving group o f the p u rin e  sugar (R ), is then h y d ro ly se d  and takes the p ro to n  fro m  H i s l l 9  
to  neutralise its single negative charge. In  b o n d in g  to the 2 '- 0  o f  the p y rim id in e  sugar the phosp hate has n o w  
becom e cy clic . T h e  5 '-p u rin e  n u cleotid e leaves the active site and the 2 ',3 '-c y c lic -p y rim id in e  nucle o tid e  rem ains 
b ehind .
1.4.2.2 Step 2: Opening O f Cyclic Phosphate.
T h e  p u rin e  nucleotid e (R ) has n o w  been cleaved, and has left the active site. T h is  allow s 
solvent, alread y clo se ly  b o u n d  to the phosphate, to interact w ith  the delta n itro g en  o f  H i s l l 9 .  H is l2  is 
c u rre n t ly  p ro to nate d  fro m  the p re v io u s step. T h e  phosphate m ust d ecyclise fo r  the u rid in e  n u cle o tid e  to leave 
the active site, and the p ro to n a tio n  states o f  the tw o  histidines m ust re tu rn  to th e ir  starting  p o sitio n s  to a llo w  
the site to  becom e active again. T h is  all happens b y  H i s l l 9  abstracting a p ro to n  fro m  the so lve n t (R efer to
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F ig u re  12 b elo w ). T h e  phosphate then form s a pentavalent tra n sitio n  state w it h  the rem ain in g  O H -  o f  the 
recently d eprotonated w ater. W it h  the available p ro to n  o n H is l2  in  close contact w it h  the 2 '- 0  o f  the u rid in e  
sugar, the phosphate opens and the 2 '- 0  is protonated. H i s l 2 thus retu rn s to its fo rm e r ne u tral state, the 
phosphate is refo rm ed  o n  the 3 '-p o s itio n  o f  the sugar and H i s l l 9  is reprotonated. T h e  3 '-u rid in e  n u cle o tid e  is 
n o w  free to leave the active site fo r  an other d in u cle o tid e  to be b ound .
F ig u re  12 Step 2 o f  the R N a s e A  m echanism , re fo rm in g  the 3 '-phosphate and re-setting the o x id a tio n  states o f 
the tw o  active histidines.
1.4.2.3 Pentavalent Phosphorus Transition State
A s  m en tio ned  in  the m echanism  above, the p h o sp h o ru s atom  fo rm s a pentavalent 
tra n sitio n  state. T h is  species has a trig o n al b ip y ra m id a l geom etry w it h  three basal atom s at 120° to each other, 
and the o th e r tw o  apical atom s at 90° to the basal ones, as indicated in  figure 13 b elo w . T h e  attacking g ro u p , 
the 2 '-0  o f the ribo se assumes an apical p o sitio n , thus fo rc in g  the three n e ig h b o u rin g  g rou ps in to  basal 
positions, w h ile  the opposite  g ro u p  form s the o th e r apical p o sitio n , as s h o w n  in  F ig u re  13 (a) b elo w . F ro m  
extensive studies o n  p h o sp h o ru s ch e m istry  it  has been established that groups o n ly  enter and leave the 
pentavalent tra n sitio n  state at apical po sitio n s. T h e re fo re  the leaving group, the 5 '-p u rin e  nucleotid e, m ust be 
in  an apical p o sitio n  w h e n  it is cleaved. It  is also k n o w n  that apical groups and basal g rou ps can interchange 
p ositions b y  a process o f  p seud orotation. T h is  in v o lv e s  the w id e n in g  o f  a b o n d  angle in  the basal plan e w h ic h  
displaces the tw o  apical atom s to fo rm  a n e w  basal plane w h ic h  is 90° to its o rig in a l p o sitio n , see fig u re  13(b ). 
E le ctro p o sitiv e  groups such as - C H  and -O ' tend to o cc u p y  basal p o sitio n s, w h ils t  electronegative gro u p s su ch  
as - O H , -F  and - O R  ten d  tow ards apical po sitio n s.
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F ig u re  13 (a) Pentavalent tra n sitio n  state o f p h o sp h o ru s V ,  A  - apical, B  - basal, (b) p seu d o ro tatio n  o f  groups, 
sh o w in g  m ovem ent o f apical groups and the fo rm a tio n  o f a n e w  basal plane.
T h e  consequences o f these k n o w n  rules is that tw o  possib le  rea ctio n  p ath w ays have been
p ro p o sed 62,63:-
1. In - l in e  d isp la ce m e n t: w h e re  the attacking n u cle o p h ile  2 '- 0  enters opp o site  to the le aving  g ro u p , thus 
the leaving group is p u t in to  an apical p o s itio n  ready to leave.
2. A d ja c e n t  m e c h a n is m : w h e re  the n u cle o p h ile  2 '- 0  enters o n the same side as the leaving g ro u p , w h e re  
the leaving  g rou p is then p u t in to  a basal p o sitio n , and pseu d o ro tatio n th en  allo w s it to m ove in to  an 
apical p o sitio n  in  o rd e r to leave. B o th  o f these m echanism s are presented in  fig u re  14 belo w .
F ig u re  14 Penta co-ordinate tra n sitio n  states p roposed  fo r  m echanism : (a) In -lin e  m ech anism  o f step 1, (b) 
A d ja ce n t m echanism  o f step 1, (c) In -lin e  m echanism  o f step 2, (d) A d jace n t m ech anism  o f step 2.
T h e  penta co-ordinate tra n sitio n  state occurs tw ice d u rin g  the m echanism . In  step one it 
occurs w h e n  the phosphate co-ordinates to the 2 '-0 , and then cyclises to a tetra co-ordin ate state b y  cleaving 
the p u rin e  nucleotide. In  step tw o  it o ccurs w h e re  the attack o f w ater o n  the phosphate again fo rm s the five
62 W estheim er, F . H .  Acc. Chem. Res. 1968, 1, 70.
63 B e n k o v ic, S. J .; Sch ray, K . J., The Enzymes 19 73 , 8 , 201.
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co-ordinate tra n sitio n  state before the p h o sp h o ru s to 2 '-0  b o n d  is cleaved to release the p y rim id in e  n u cleotid e. 
T o  determ ine w h ic h  o f  the tw o  above m echanism s o f  action , in -lin e  o r  adjacent, occurs tw o  experim ents have 
been perform ed. In  the first64 a d in u cle o tid e  was prepared w h e re  a s u lp h u r atom  replaced one o f  the p hosphate 
oxygens. In  the subsequent b in d in g  and catalysis the ste reochem istry  o f  the p hosphate w o u ld  change if  the 
adjacent m echanism  is used. Since no change o f stereochem istry w as observed, the in -lin e  m ech anism  is 
accepted fo r the first step. In  the second experim ent, the u rid in e -(2 ',3 ')-c y c lic  p h o sp h o ro th io a te  w as used alo ng 
w ith  lsO  w ater. A n a ly s is  o f the freed u rid in e  3 '-p h o sp o ro th io a te  show ed  that the m ech anism  m ust have been 
in-line. T h u s  the m echanism  is con strain ed  su ch  that the n u cle o p h iles alw ays attack fro m  the op posite  side to 
the leaving gro u p . T h e  cy clisa tio n  o f  the phosphate and the con strain ed  geom etry o f the active site all help to 
ensure the in -lin e  nature o f  the m echanism .
1.4.3 Known Biological Action
It  is accepted that nucleotides and o th e r ce llu la r b u ild in g  b lo ck s enter cells b y  a process o f 
vesicle fo rm a tio n  in  coated pits. T h e  recepto r p lasm a m em brane p ro te in s change c o n fo rm a tio n  u p o n  b in d in g  a 
target m olecule; th is c o n fo rm a tio n a l change g rad ua lly  causes the plasm a m em brane to stretch o n  the insid e  and 
s h rin k  o n the outside. T h u s  the surface o f  the cell fo rm s a p it. A s  m ore recepto r p ro te in s b in d  th e ir  target 
m olecules, so the p it  becom es in cre asin g ly  concave, e ve n tu a lly  fo rm in g  a sp h erica l vesicle. T h e  
plasm a-m em brane then pinches an d  the vesicle is inte rn alised  com plete w it h  part o f the p lasm a m em brane. T h e  
nature o f the b in d in g  p ro te in s m ust be su ch  that th e y  are recognised b y  o th e r ce llu la r organelles an d  get 
transported to the co rrect place in  the cell. N u c le o tid e  m im ics m ust also fo llo w  th is ro u te  in to  the cell; i f  the 
target receptor is fooled  b y  the m im ic , then the plasm a-m em brane p ro te in s m ust also be fooled.
1.4.4 Prospective Substrates
F o r  R N a s e A , and also fo r  A N G  if  the active site m echanism s are s im ila r, a n y  nu cle o tid e  
o r o ligo nucleotid e that b in d s to the p ro te in  su ch that the phosphate can cyclise, w il l  be a substrate. T h e  second 
part o f the m echanism  w ill  be able to w o r k  if  the first p art succeeds. Substrates can be o f  the fo rm
64 U sh e r, D . A .; E re n ric h , E . S.; E ck ste in , F ., Proc. Natl. Acad. Sci. USA 19 72 , 69, 115.
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u rid in e -2 '-p h o sp h o ry l, u rid in e -3 '-p h o s p h o ry l o r  cy tid in e -3 '-p h o sp h o ry l. A ls o  cy tid in e  and u rid in e  bases that 
are a 2 ',3 ,-cy c lic  m onophosphates are a substrates.
1.4.5 Prospective Inhibitors
In h ib ito rs  can be a n y  nucleotid e o r  o ligo nucle o tid e  that b in d s and canno t fo r  chem ical o r  
spatial reasons be cyclised. T h is  inclu d e s a n y  p y rim id in e  nucleotid e w it h  a p hosphate at e ith e r the 2'- o r  
3 '-po sitio n s b ut m issin g  the h y d ro x y l at the o th e r 2 '- o r  3 '- p o sitio n . C y tid in e -2 '-m o n o p h o sp h a te  is also an 
in h ib ito r; w h e n  it  b inds, the 2 '- O H  is too distant fro m  H i s l 2. It  therefore canno t h yd ro g e n  b o n d  and abstract 
the p ro to n  and w h ic h  allo w s the phosphate to cyclise. M o re  e xo tic in h ib ito rs  can be designed, fo r  exam ple 
u sin g  a vanadate instead o f phosphate o r  a m ethylene instead o f an ester oxygen . B o th  o f  these ensure that the 
co m p le x cannot be cyclise d  and lead to catalysis. T h e  vanadate ca n 't op en and therefore does n o t leave the 
active site, the m ethylene l in k  canno t be cleaved, therefore the leaving g ro u p  stays attached, and the cy clisa tio n  
n ever com pletes.
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CHAPTER 2 
THEORETICAL BACKGROUND
S u m m a ry : F o r  a n y  co m p u ta tio n al w o r k  in v o lv in g  m o le cu la r m o d e llin g  there are 
m a n y  w ays o f  achievin g the desired results. Som etim es these results are d iffic u lt  to o b tain , b u t in  
try in g  m a n y  d ifferen t m ethods a greater u nd erstand ing o f the m ethods that need to be used is 
d erived. Several types o f co m p u ta tio n al m ethods have been used d u rin g  the course o f  th is  p roject.
Som e have yie ld e d  good results and others have p ro v e n  d ifficu lt  to im p lem e n t. T h is  chapter 
details the m ethods that have been useful and have given usable results. F o r  the m a jo rity  o f the 
w o r k , m o le cu la r m echanics m ethods have been an adequate level o f  a p p ro x im a tio n . M o le c u la r  
d yn am ics was used fo r  b o th  co n fo rm a tio n a l analysis o f  sm all m olecules and fo r  s ta b ility  ch e ck in g  
o f  ligands d ocked  in to  p ro te ins. T h e  clu ster an alysis w o rk , to f in d  fam ilies o f co n fo rm e rs, used 
m o le cu la r d yn am ics to generate a starting data set o f  conform ers. A  s im ila r  m eth o d  o f sim ulated  
annealing has been used fo r  the generation o f  data p o in ts fo r  a p o te n tia l energy surface, w h e re  
tw o  d ihedral angles are varied. T h e  po ten tia l energy, fo r  each data p o in t  is p lo tte d  against the 
tw o  d ih e d ral angles to  determ ine the m ost stable co n fig u ra tio n  fo r  the tw o  to rs io n  angles. 
M o le c u la r  d yn am ics w as also used as a basis o f generating ran d o m  co n fo rm a tio n s to generate lo w  
energy con form ers. F o r  som e system s sig n ifica n t effects o n  c o n fo rm a tio n  w ere caused b y  
conjugated x-system s, and these effects w ere investigated u sin g  sem i-em pirical q u an tu m  
m echanical m ethods. T o  express so lve n t tw o  m ethods have been used; f irst ly , b y  u sin g  a 
sim u lated  d ielectric  constant o f  80, the experim ental d ielectric  constant o f  w ater; se co n d ly  a 
self-consistent aqueous rea ctio n  field.
37
Chapter 2: Theory.
A b b re v ia tio n s :*
la n g  C ry s ta l stru ctu re  o f angiogenin
3 rn 3  R N a s e A  used to p ro d u ce  o u r  h o m o lo g y  m odel
5rsa R N a s e A  used to solve la n g
A M I  A u s t in  m odel N o . 1
A M B E R  A ssisted  m odel b u ild in g  w ith  energy refinem ent
A N G  A n g io g e n in
angm  C h e n  - T o m p k in s o n  h o m o lo g y  b u ilt  stru cture  o f angiogenin
C H A R M m  C h e m is try  w it h  H a rv a rd  m acro m o le cu lar m echanics 
C V F F  C o m p le te  valence force fie ld
E C E P P  E m p iric a l co n fo rm a tio n al energy p ro g ra m  fo r  pro te ins
fs fem to-seconds
M D  M o le c u la r  dyn am ics
M M  M o le c u la r m echanics
M N D O  M in im u m  neglect o f  differen tia l overlap
N D D O  neglect o f  d iato m ic differen tia l overlap
ns nanoseconds
P ES P o te n tial energy surface
P M 3  Param eterised M o d e l N o , 3
ps pico-seconds
M O  M o le c u la r O rb ita l
Q M  Q u a n tu m  m echanics
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R N a s e A
r.m .s.
S C F
B o v in e  pancreatic ribo nuclease A  
ro o t m ean square 
self consistent field.
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2 Theoretical Background
T h is  section introd uces the basic th e o ry  used fo r  a ll the fo llo w in g  sections. M o le c u la r 
m echanics (M M ) an d  m o le cu la r d yn am ics (M D ), along w it h  m o le cu lar o rb ita l m ethods (M O ) are ro u tin e  
m ethods that are available to the co m p u ta tio n al chem ist 65. These to o ls fo rm  the fo u n d a tio n  o f m o re  e xo tic 
com pu tatio nal m ethods, su ch as the d eterm inatio n o f r ig id ity , ro ta tio n a l energy b arrie rs, co n fo rm a tio n a l 
clustering and d o ck in g , no t to m e n tio n  the m u ltitu d e  o f  d iffu sio n  and energy based p roperties that can be 
derived. A l l  o f  the m ethods used re ly  o n  the ca lcu latio n  o f  energy, in  one fo rm  o r  another. M o le c u la r  
m echanics centres o n  the ca lcu la tio n  o f  p oten tia l energy in  the fo rm  o f in te rn a l stra in  that exists w it h in  a 
m olecule. M o le c u la r d yn am ics com bines k in e tic  and p oten tia l energy to stu d y  system s u n d e r m o tio n . 
M o le cu la r o rb ita l m ethods deal w ith  the calcu latio n o f  the total energy o f a system , and can therefore be used 
to determ ine the heat o f  fo rm a tio n .
2.1 MOLECULAR MECHANICS66
T h e  fo llo w in g  d iscussio n  is based o n  org an ic system s, b ut can be e q u a lly  ap p lie d  to 
in o rg a n ic system s, th o u g h  in  practice the variab le  o x id a tio n  states o f  in o rg a n ic  elem ents does pose a d d itio n a l 
problem s. M o le c u la r m echanics is a p u re ly  e m p irical m ethod. T h is  means that param eters are pre-calculated o r  
derived fro m  e xp e rim e n ta lly  determ ined properties. A n y  set o f param eters used is k n o w n  as a force fie ld, an d  
w hen com b ined  w ith  the ato m ic co-ordinates o f a system , these param eters fo rm  an energy expression. T h is  
energy expression can be used to calculate the energy o f the system  fo r  a n y  given set o f co-ordinates and is 
k n o w n  as a p oten tia l energy surface (PES). T h e  m ain aim  o f  m o le cu lar m echanics is to m o d ify  the co-ordinates 
o f a system  to o b ta in  p a rtic u la r energy states, u su a lly  lo w  energy states, b ut h ig h  energy states can give 
im portan t in fo rm a tio n  as w e ll, such as saddle p oin ts.
65 G ra n t, G . IT .; R ich a rd s, W . G . Computational Chemistry, O x fo rd  Science P u b lica tio n s, O x fo rd  U n iv e r s it y  
Press, 1995.
66 B u rk e rt, U .; A llin g e r, N .L .  Molecular Mechanics. A m . C h e m . Soc. W ash in g to n , D C  1982.
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2.1.1 Potential Energy Surfaces
A  p oten tia l energy surface (PES) represents the energy e xpression o f a g iven system . A n  
energy exp ression is m ade u p  o f  m a n y  different term s, w ith  pre-derived param eters that scale the inte ractio ns 
acco rd in g  to the co m b in a tio n  o f  atom s fo r  a p a rticu la r energy term . T h e  atom s, th e ir  arrangem ent and 
co n n e ctiv ity , co m b in e d  w it h  th e ir  b o n d  orders determ ine the p a rtic u la r term s that m ake u p  an energy 
expression , and therefore define the fo rm  o f the P ES . T h e  n u m b e r o f  degrees o f freedom , o r  variab les, in  the 
P E S  o f  a n y  given system  is 3 N , w h e re  N  is the n u m b e r o f  atom s in  the system . T h e  n u m e rica l m ethods fo r  
dealing w it h  th is large n u m b e r o f  variab les and the d e rivatio n  o f  the param eters used are detailed in  the 
fo llo w in g  sections.
2.1.2 Atom Types
T h e  atom s that are expressed in  a n y  ca lcu latio n  are d iv id e d  in to  sp ecific  fo rm s, and each 
atom  is assigned to a sp ecific  atom  type. T h e re  are m a n y  different atom  types, based o n  factors su ch  as elem ent, 
h y b rid is a tio n  (sp, sp2, sp3), fo rm a l charge o r  o x id a tio n  state, n u m b e r o f hyd ro g e n s attached and p o sitio n . In  
som e m o re  specialised fo rce  fields these atom  types represent the sp ecific lo c a tio n  o f  an atom . F o r  exam ple, in  
one fo rce  fie ld, w h ic h  specialises in  pro te ins, n u cle ic  acids and carbohydrates the N 2  atom  typ e  denotes an sp2 
n itro g e n  in  a nu cle o tid e  base N H 2 g rou p  o r  arginin e N I T 2. A n  atom  typ e  can be v e ry  specific, o r  it  can also be 
v e iy  general. T h e  assignm ent o f  an atom  typ e fo r  a given atom  goes fro m  the m ost sp ecific  cases to the m ost 
general. E a ch  atom  is checked against a h ie ra rc h y  o f atom  types u n t il it  f u lly  satisfies the rules fo r  that atom  
type. I f  there is a v e ry  sp ecific  case that the atom  satisfies then it w il l  be assigned this one in  preference to a n y  
other. F fo w e v e r the atom  m a y  no t satisfy a n y  o f the available atom  types. In  th is case the p ro g ra m  m a y  assign 
an atom  typ e  that m ost c lo se ly  resem bles the atom  in  question. T h is  can happen q u ite  often w h e n  u sin g  m ore 
generalised force fields. It  is therefore essential to check the assignm ent o f  atom  types before a n y  ca lcu latio n s 
are p e rfo rm e d , since it is the atom  types that determ ine w h ic h  param eters are used in  the e xpression that 
creates the PES.
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2.1.3 Force Field
A  force fie ld  is a co lle ctio n  o f  param eters that have been derived  fo r  sp ecific  co m b in a tio n s 
o f atom  types, in  sp ecific  b o n d in g  o r  no n -b o n d in g  interactio ns, using specific form s o f  energy based fu n ctio n s. 
T h e re fo re  the param eters that have been derived  fo r  one force fie ld  are n o t transferable in to  an other fo rce  fie ld. 
Some force fields are v e ry  general, and attem pt to co ve r a ll possible atom  types (e.g. C V F F  67, D re id in g  6S, 
M M 2  69). T hese force fields tend to be less accurate, b ut offer the a b ility  to m odel a n y  system . Som e fo rce  fields 
have been param eterised to m odel specific types o f  system s (e.g.. A M B E R 70 71 fo r  p ro te in s, carbohydrates, and 
n ucleic acids) and therefore can m odel these system s m ore accurately. T h e  atom  ty p in g  rules fo r  these force 
fields are m u ch  m ore stringent. H o w e v e r, pro b lem s arise w h e n  m o d ellin g  a system  w h ic h  doesn 't q u ite  
co n fo rm  to a specialised force field.
2.1.4 Energy Expression
T h e  energy fu n ctio n s used in  force fields tend to be v e ry  s im ila r, being p re d o m in a n tly  
h a rm o n ic fu nctio n s, w it h  the exception o f h y d ro g e n  bonds and n o n -b o n d in g  interactio ns. T h e  e m p iric a lly  
derived force fie ld  param eters therefore tend to represent e q u ilib r iu m  values and use a H o o k e s  L a w  sty le  force 
constant w h ic h  defines the resting p o in t  and r ig id ity  o f each possible interactio n. L iste d  b e lo w  are the co m m o n  
types o f in teractio ns used, a p icto g ram  o f  the inte ractio n, and th e ir fu n ctio n al fo rm .
67 D a u b e r-O sg u th o rp e , P.; R o b e rts, V . A .;  O sgu thorp e, D . J .; W o lff, J .; Genest, M .; H a g le r, A .  T . Proteins: 
Structure, Function and Genetics 1988, 4, 31.
68 M a y o , S. L .; O la fso n , B. D .;  G o d d a rd , W . A . / .  Phys. Chem. 1990, 94, 8897.
69 A llin g e r, N.J. Am. Chem. Soc. 1 9 77 , 99, 8127.
70 W e in e r, S. J .; K o llm a n , P . A .;  Case, D . A.; Singh, U . C .; G h io , C .; A lag o n a, G .; P rofeta J r ,  S.; W e in e r, P . / .  
Am. Chem. Soc. 1984, 106, 765.
71 W e in e r, S. J.; K o llm a n , P. A .;  N g u y e n , D . T .;  Case, D . A . / .  Comp. Chem. 1986, 7, 230.
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2.1.4.1 Bond Stretch
K
Eqn. i *-----  m - m - 9  — * Ebonds = 'Z .k b (b -  b 0 ) 2
I bo 1
T h is  term  represents the stretching o f tw o  b onded atom s. T h e  h0 param eter is the 
e q u ilib r iu m  b o n d in g  distance, and kb is the associated force constant. T h e  h ig h e r the force constant the greater 
the energy needed to stretch o r  com press the bond.
2.1.4.2 Angle Bend
Eqn. i i  E ANGLES =  S  /Cg(0 ~  9 o ) '
T h is  term  represents the w id e n in g  o r  com pression o f  b o n d  angles. T h e  c o n tro llin g  
param eters are 0O, the e q u ilib r iu m  b o n d  angle, and k0) the force constant. T h e  h ig h e r the fo rce  constant the 
greater the energy needed to com press o r  expand the b o n d  angle,
2.1.4.3 Torsional Strain
Eqn. i i i  /  /  ETORSIONS = +  C 0 S /7 ((|)  - ( | ) o ) ]
T h is  term  represents the change in  poten tia l energy as a b o n d  rotates, an d  is a good 
m easure fo r  steric h in dran ce. T h e  c o n tro llin g  param eters are the am p litud e  o r  fo rce  constant, <j)0 the
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e q u ilib riu m  dihedral angle and n co n tro ls  the p e rio d ic ity  o r  sym m etry. N o te  this fu n ctio n  is p e rio d ic  and 
therefore not h a rm o n ic.
2.1.4.4 Out O f Plane Deformation.
Eqn. iv  A  A  \  EoOP — k x%
T h is  term  represents the d isto rtio n  fro m  p la n a rity  o f arom atic o r  sp2 bonded atom s. T h e  
distance that the centre atom  is fro m  the plane o f the o ther three atom s sh o u ld  be zero. Iq  is a m easure o f  the 
strength o f the resto rin g force, and y  is the displacem ent fro m  zero.
2.1.4.5 Coulom bic Forces
r- c : v  v  Q'Qi
Eqn. v  £  COULOMBIC ----
i j > i 47tE0r,y
r . .  
—h
W h e n  tw o  atom s o f different elem ents are bonded, the p o la risatio n  due to a greater 
electron a ffin ity  o f one atom  in  relatio n to another causes an electron re-d istrib u tio n . T h is  causes charges to be 
observed on in d iv id u a l atom s T h is  w ill  also o cc u r if  electrons are added o r  rem oved fro m  a system . In  the real 
situation the charge associated w ith  each atom  w o u ld  be m u ltip o la r in  nature, but to s im p lify  calcu latio ns a 
m o n o p o lar representation is u su a lly  taken. It  is the interactio n o f these m ono poles that m ake u p  the 
C o u lo m b ic  interactions. Since atom s d o n 't  even need to be bonded fo r this typ e o f in te ra ctio n , each atom  in  
the system w ill have a C o u lo m b ic  inte ractio n w ith  all other atoms. F o r  this reason, the n u m b e r o f interactio ns 
o f this type is p ro p o rtio n a l to the square o f the n u m b e r o f atom s present. T h e  C o u lo m b ic  forces decay as a 
fu n ctio n  o f recip ro ca l distance, so lo n g  range interactio ns are u su a lly  neglected in  o rd e r to reduce the n u m b e r 
o f term s in  the PES . T h e  distance at w h ic h  this is done is k n o w n  as the n o n -b o n d in g  cut o ff distance, o r
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som etim es ju st cut off. N o te  this fu n c tio n  is no t h a rm o n ic, and the total energ y c o n trib u tio n  can be v e ry  
significant.
2.1.4.6 Van Der Waals' Interactions
N o t  all e lectrons are localised  to specific atom s w it h in  a m o le cule  b u t exist in  o rb ita ls 
a ro u n d  that m olecule. T hese o rb ita ls give rise  to charge clouds. W h e n  the n e gatively  charged e lectro n  c lo u d  o f 
one atom  approaches that o f an other atom  there is a b rie f rep u lsio n . T h e  re p u ls io n  causes the electro n clo ud s 
to d isto rt, setting u p  te m p o ra ry  localised  d ipoles o n  each atom . T hese in te ra ctio n s cause b rie f attractio n  o r 
re p u ls io n , and are k n o w n  as va n  der W aals' dispersive forces. These term s are n o n -h a rm o n ic, b u t u n lik e  
C o u lo m b ic  inte ractio ns th e ir  c o n trib u tio n  to the total energy strain  is u s u a lly  less significant.
2.1.5 Minimisation Of The Energy Expression
A l l  the m ethods fo r  m in im is in g  the total energy stra in  in  a P E S  use a search m ethod  to 
locate a lo w e r energy p o in t o n  the P ES . A  m in im isa tio n  is then pe rfo rm e d  alo ng th is search ve cto r, u n t il the 
energy exp ression reaches a m in im u m . A t  the m in im u m  a ne w  search d ire ctio n  w il l  be d eterm ined, and the 
process w il l  repeat u n t il the change in  energy (gradient) is lo w e r than a pred ete rm ine d  cut off. T h e  different 
m ethods detailed b e lo w  use in cre asin g ly  in v o lv e d  search m ethods, u tilis in g  the p o te n tia lly  h a rm o n ic  nature o f 
the P E S  to v a ry in g  degrees. H o w e v e r, the n o n -h a rm o n ic  term s o f  the P E S  create severe a n h a rm o n ic ity , w h ic h  
leads to in e ffic ie n cy  in  som e algo rithm s. It  is therefore essential to k n o w  w h e n  to use each m ethod, and w hat 
p ro b le m s each m ethod  can and cannot easily overcom e.
2.1.5.1 Steepest Descents.72
Steepest descents uses the m ost sim p le  o f the search m ethods. T h e  n e w  search d ire ctio n  is 
taken as being in  the d ire ctio n  o f  the steepest gradient fro m  the cu rre n t p o in t  o n  the P E S . A  search alo ng  th is
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d ire ction then locates the low est energy p o in t  o f  that vecto r. F ro m  th is p o in t  a n e w  search d ire ctio n  is 
determ ined and so on . N o  p re v io u s search in fo rm a tio n  is used to determ ine the next search d ire ctio n . T h e  
a lg o rith m  is v e ry  ro b ust and does n o t req uire  large am ounts o f m em o ry. T h e  speed o f  convergence is related to 
the steepness o f the gradient, and therefore a P E S  w ith  a steep gradient w il l  converge q u ic k ly . T o  speed u p  the 
alg o rithm  the m in im isa tio n  along the cu rre n t search d ire ctio n  need no t be taken to  co m p le tio n . T h e  
draw backs are that o n  flat energy surfaces, su ch as those close to a convergence p o in t, the alg o rith m  is s lo w  to 
converge and is p ro n e  to o scilla tio n . F o r  these reasons the steepest descents m ethod  is best used o n  v e ry  large 
system s (100s to 1000s o f  atom s) o r  u n m in im ise d  structures w ith  h ig h  gradients ( >  100 k c a l/m o lA ).
2.1.5.2 Conjugate Gradients.73
C o n ju g a te  gradients uses the same m ethod  to determ ine the first  search d ire ctio n  as 
steepest descents. T h e n  each subsequent search d ire ctio n  is chosen to be in  a d ire ctio n  that is o rth o g o n al to all 
p reviou s search d ire ctio n s. T h is  means that o n  a h a rm o n ic  P E S  o f N  d im ensions the a lg o rith m  converges in  N  
steps. H o w e v e r, the new  search d ire ctio n  m ust be taken fro m  the m in im u m  o f the cu rre n t search d ire ctio n , 
and this slow s the m ethod  d o w n  as m ore m in im isa tio n  steps are needed fo r  each subsequent search d ire ctio n  
explored. A ls o  the m e m o ry  requirem ents are greater, as the p re v io u s search d ire ctio n s (1st derivatives o f  the 
PES) are stored in  o rd e r to determ ine n e w  search direction s. T h is  means that the m ethod  canno t be used o n  the 
larger system s that steepest descents can be used fo r. A lso , v e ry  an h arm o n ic  energy surfaces m ay  cause the 
a lg o rithm  to oscillate a ro u n d  the P E S  and never locate a m in im u m . T h e  a lg o rith m  is therefore best su ited  to 
sm aller o r  sem i-m inim ised  surfaces, w h ic h  are close to convergence, o r  surfaces that are h a rm o n ic.
2.1.5.3 Newton - Raphson.74
N e w to n -R a p h s o n  takes the conjugate gradients m ethod  one stage fu rth e r. It  calculates the 
first and second derivatives (H essian). T h e  low est energy p o in t  o f  the surface, p ro v id e d  it  is h a rm o n ic, is at the
72 L e vitt, M . L ifso n , S ./ .  Mol. Biol. 1969, 46, 269.
73 F letch e r, R . Practical methods of minimisation, Vol. 1\ Jo h n  W ile y  &  Sons, N e w  Y o r k ,  1980.
74 Press, W . H . ;  F la n n e ry , B. P.; T e u k o ls k y , S. A .;  V e tterlin g , W . T . In  Numerical Recipes, The Art of Scientific 
Computing; C a m b rid g e  U n iv e rs ity  Press, C am b rid g e  1986.
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p o in t  w h e re  b o th  the gradient (1st derivative) and curva tu re  (second derivative) are at a m u tu a l m in im u m . By- 
in v e rtin g  the H e ssia n  and a p p ly in g  it to the gradient at the starting p o in t, a v e c to r fro m  the starting p o in t  to 
the exact lo c a tio n  o f the m in im u m  can be fo u n d  in  one step. T h e  d raw backs o f  the m ethod  are therefo re the 
ad d itio n a l storage o f  the second derivatives, and the m e m o ry  needed to in v e rt  the second derivatives m a trix . 
T h e  reliance o n  a h a rm o n ic  surface m ake th is  m ethod  unsuitable  fo r  m in im is in g  ro u g h  starting structu res w ith  
h ig h  in it ia l gradients. T h e  m e m o ry  requirem ents lim it  the m ethod to system s o f ab ou t 200 atom s.
2.1.5.4 Quasi Newton - Raphson.75
T h is  m eth o d  com bines all the starting robustness and features o f  steepest descents, w ith  
the tim e  to convergence pro p erties o f  conjugate gradients, and the fin a l convergence sty le  o f  N e w to n  - 
R a p h so n . T h e  starting search d ire ctio n  is as steepest descents, and the n e w  search d ire ctio n s are chosen to be 
o rth o g o n a l to  p re vio u s search d ire ctio n s, as in  conjugate gradients. H o w e v e r  the past search d ire ctio n s are 
sto red  an d  a n u m erica l, n o t an aly tical m ethod, is used to b u ild  a second d erivative  m a trix . T h e  m ethod 
therefo re b u ild s u p  a m ore and m ore accurate H e ssia n  based o n  past kn o w led g e, therefo re as m o re  search 
d ire ctio n s are trie d  the m eth o d  com es to resem ble a fu ll N e w to n -R a p h so n  m ethod. T h e  in it ia l robustness 
m eans that it can be used o n  a n y  starting geom etry, b ut the m e m o ry  req u irem en ts are s t ill as restrictive  as the 
fu ll N e w to n -R a p h s o n  m ethod. T h e  m ethod  is v e iy  good fo r  m in im is in g  system s o f.u p  to 200 atom s.
2.2 MOLECULAR M OTION
T h e  stu d y  o f  m olecules in  m o tio n  requires the assignm ent o f  ve lo cities w h ic h  can be done 
ra n d o m ly  as in  M o n te  C a rlo  m ethods 76 77, o r  o v e r a tim e e v o lu tio n  u sin g  a B o ltzm a n  d is trib u tio n , as in  
m o le cu la r d yn am ics 78 79 (M D ). M o n te  C a rlo  d yn am ics m ethods tend to e xp lo re  m o re  c o n fo rm a tio n a l space as
75 F le tch e r, R .  Subroutines for Minimisation by Quasi-Newton Methods, H a r t w ill  R e p o rt  A E R E ,  H a rtw e ll, 
B e rk sh ire  A p r  1972.
76 M e tro p o lis , N .;  U la m , S ./ .  Am. Stat. Zks. 1949, 44, 355.
77 Jorgen sen, W .;  M a d ura, J; Sw ensen, C . / .  Am. Chem. Soc. 1984, 106, 6638.
78 M c C a m m o n , J. A .; H a rv e y , S. C ,  Dynamics of proteins and nucleic acids-, C a m b rid g e  U n iv e rs ity , C a m b rid g e ,
47
Chapter 2: Theory.
the atom s m ove u n d e r the in flu e n ce  o f  the poten tia l caused b y  o th e r atom s but, have no  co rre la tio n  to a tim e 
fu n ctio n  T h e y  are h o w e ve r consistent fo r  a given tem perature. T h e re fo re  M o n te  C a rlo  d yn am ics is used fo r  
co n fo rm a tio n al searching, w h e re  lo w  energy co n fo rm a tio n s o r  a w id e  range o f co n fo rm a tio n s need to be 
found. N e w to n  based m o le cu la r d yn am ics sam ples co n fo rm a tio n al space o ve r a tim e p e rio d , and solves 
N e w to n ’s law s o f  m o tio n  fo r  the system . T h e  atom s in  the system  are assigned a starting v e lo c ity  an d  then 
allow ed  to m ove u n d e r the in flu e n ce  o f  N e w to n 's  law s o f  m o tio n . It  can therefore be used to stu d y  tim e 
dependent p roperties su ch  as d iffu sio n  and fo ld in g  in  proteins. In  practice the tim e steps need to be v e ry  sm all 
(0.1 fs) to avo id  p ro b lem s o f  the system  becom ing unstable. T h e  tim e dependence can give in fo rm a tio n  fo r  
stru ctu ral p rop erties w h ic h  o c c u r o ve r a range o f  tim e fro m  pico-seconds (ps) to nanoseconds (ns).
2.2.1 Newton Based Algorithm
T h e  m ost w id e ly  used N e w to n  based algo rithm s fo r  m o le cu lar d yn am ics are those based 
on the m ethods o f  V e r le t 80. T h e  th e o ry  ru n s as fo llo w s:-
1. T h e  m agnitude and d ire ctio n  o f the total force o n  a given atom  is the d erivative  o f  the total stra in  
(potential) energy exerted u p o n  it b y  all other atom s in  the system .
2. S o lv in g  these derivatives fo r  all atom s in  the system  gives the force, an d  since the mass o f  each atom  is 
k n o w n , the acceleration o f  the atom  is also k n o w n . S o lv in g  the differen tia l equation, o f  acceleration 
w ith  respect to tim e, fu tu re  p o sitio n s fo r  each atom  can be fo u n d  (a tra je cto ry). C la ssica l p h y sics  
cannot p ro v id e  exact so lu tio n s fo r  m ore than tw o  particles so a nu m erica l T a y lo r  series is used.
3. In it ia l ve lo cities are assigned u sing a M a x w e ll-B o ltz m a n n  d is trib u tio n  fo r  the tem perature used. 
A cce le ra tio n  is determ ined fro m  the derivative o f  the po ten tia l energy, w h ic h  gives the p o s it io n  o f  the 
atom s after a tim e At. T h e  n e w  velocities are taken as the difference in  co-ordinates d iv id ed  b y  the
1987.
79 H a g le r, A .;  O sgu th o rp e, D .; D a u b e r-O sg u th o rpe , P ; H e m p e l, J. Science 1985, 227, 1309.
80 V e rle t, L . Phys. Rev. 1967, 159, 98.
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tim e in te rva l, and the acceleration is then corrected b y  analysis o f  the gradients fo r  the new  
co-ordinates.
2.2.2 Integration
T h e  total energy w it h in  a system  sh o u ld  be ca re fu lly  co n tro lle d , in  o rd e r to m ain tain  the 
co rrect tem perature. A n  inte g ratio n o f the acceleration p ro vid es fu tu re  atom  co-ordinates. T h e  acceleration 
associated w it h  each atom  is d ire c tly  related to the energy o f the system . I f  the in te g ra tio n  o f  the acceleration is 
calculated o ve r too lo n g  a tim e step, then the atom s m ay m ove too far. A  c o llis io n  o f  tw o  atom s w o u ld  create a 
huge rep u lsive  force. T h is  w o u ld  result in  h ig h  acceleration, v e lo c ity  and m ovem ent o f co-ordinates and the 
atom s w o u ld  f ly  apart. F o r  th is reason the in te g ra tio n  is p e rform e d  o v e r a tim e step that is an o rd e r o f 
m agnitude less than the fre q u en cy  o f  the highest v ib ra tio n , w h ic h  is u su a lly  due to h y d ro g e n  v ib ra tio n s. A  safe 
tim e step is ab ou t 0.5 to 1.0 fs.
F o r  the V e rle t leap-frog a lg o rith m , as used in  D is c o v e r vers 2.9.0, if  the average v e lo c ity  
o v e r the tim e  step is v ave, and the tim e in te rva l is t to t + At, then the end p o s it io n  r(t +  At), is g iven b y:-
Eqn. v i i  r ( f  +  Af) =  r ( f )  +  V  aveA t
I f  the v e lo c ity  is assum ed to be changing lin e a rly  fo r  the tim e in te rva l At, th en  the average 
v e lo c ity  is the same as the instantaneous v e lo c ity  h a lf w a y  th ro u g h  the tim e step, y .
Eqn. v i i i  V ave =  V ( f  +  y )
T h e  instantaneous v e lo c ity  can also be fo u n d  fro m  the average acceleration, aave, fro m
4 At ± . At t - j  to t+ y  .
Eqn. ix  V  ave =  V ( f  +  f )  =  V ( f  -  f )  +  a  aveA t
A g a in  assum ing lin e a rity , th is tim e fo r  the acceleration fro m  t  — y  to t  +  w , the average 
acceleration is the instantaneous value  at tim e t. a ave =  3 (0  > thus:-
Eqn. x  V  ai/e =  V ( f  +  | f)  =  V ( f  -  f )  + a(f)A t
T h u s  b y  co m b in a tio n  o f  equations v i i  and x , the updated co-ordinates are g iven b y:-
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Eqn. x i r ( f  +  A f )  =  r(t) +  V ( f  +  ~ ) At
T h e  a lg o rith m  is called the leap frog a lg o rith m  because the v e lo c ity  is h a lf a tim e  step ou t
w ith  the p o sitio n s o f  the atom s. T h e  iterative process fo llo w s the calculates the acceleration u sin g  the derivative
o f the p oten tia l energy w it h  respect to the co-ordinates; the velocities are updated fo r  tim e t +  y  fro m  the 
velocities at tim e t — y ; the co-ordinates at tim e t +  ^  are then updated fro m  the co-ordinates at tim e t using 
the new  velocities at tim e t + |r  ■
2.2.3 Temperature
T h e  energy calcu lations in v o lv e d  in  M D  co n ce rn  b o th  po ten tia l (intern al strain ) and 
k in e tic  energy. T h e  tem perature o f  a system  is fu n d am en ta lly  related to its k in e tic  energy, w h ic h  is can be 
calculated in  term s o f the ve lo cities o f the atom s. T h e  k in e tic  th e o ry  o f  gases, co u p le d  w it h  the M a x w e ll - 
B o ltzm an n  rela tio n sh ip  o f  tem perature and v e lo city , p ro v id e  the basic th e o ry  fo r  c o n tro llin g  the tem perature 
o f a system  in  m o tio n .
2.2.3.1 Maxwell - Boltzmann
A n  atom  w it h  mass m at tem perature T  has a p ro b a b ility  f(v) o f  being at v e lo c ity  v, w h e re  
k is the B o ltzm a n n  constant as defined in  equation x ii.  T em peratu re, cannot be d ire ctly  related to the v e lo c ity  
o f an in d iv id u a l atom ; it o n ly  represents the average v e lo c ity  o f all atom s, at therm al e q u ilib riu m .
Eqn. x i i  f(v)dv= e~mv2'2kTAnV2dV
T h e  M a x w e ll - B o ltzm a n n  equatio n can be used to s h o w  the d is trib u tio n  o f ve lo cities f o r  a 
given tem perature, b u t no t the exact velocities fo r  in d iv id u a l atom s. H o w e v e r, it can give the m ost p ro b ab le  
v e lo city, vp, o f  an atom  at a g iven tem perature:-
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2.2.3.2 Kinetic Theory O f Gases
T h e  tem perature, T  o f  a system , is p ro p o rtio n a l to its k in e tic  energy U, w h ic h  in  t u rn  is 
p ro p o rtio n a l to the square o f  v e lo c ity , v, as sh o w n  in  equation x iv .
Eqn. x iv  U = |/c7" = | mv^
T h e  3 /2  rela tio n sh ip  arises fro m  the fact that an atom  has a k in e tic  energy o f  l/lm v 2 fo r  
each o f  its three tra n slatio n a l degrees o f  freedom . T h u s  tem perature can be calculated in  term s o f  v e lo c ity :-
v -j- mv2tqn. x v  / =  -y—
These equations p ro v id e  the fu n c tio n a lity  fo r  in itia lis in g  the tem perature o f  a system  fo r  a 
m o le cu la r d yn am ics s im u la tio n , and fo r  scaling the cu rre n t tem perature to the target tem perature. T h e  
tem p erature can be in itia lise d  b y  assigning average velocities, in  o rd e r to set the system  in  m o tio n . O n ce  in  
m o tio n  tem perature o f the system  can be m o n ito red . I f  the tem perature is n o t w it h in  the specified range about 
the target tem perature, th en  the velocities can be scaled to b rin g  it b ack in to  range.
2.2.4 Equilibrating
A fte r  the in it ia l ve lo cities have been assigned, the k in e tic  energy o f  a system , an d  therefore 
its tem perature, w il l  tend to v a ry . T hese flu ctu a tio n s arise fro m  the system  tra n sfe rrin g  energy fro m  k in e t ic  to 
po te n tia l stra in  and b ack again. A s  an atom  m oves its p oten tia l energy c o n trib u tio n s  w il l  v a ry , these w ill  
change the fo rce  acting u p o n  it, w h ic h  w il l  m o d ify  its v e lo city. T h e re fo re , e q u ilib ra tio n  o f  a system  u n d e r 
m o tio n , in v o lv e s  a n atu ral exchange o f k in e tic  and p oten tia l energy. B efo re data can be collected fo r  a system  
in  m o tio n , the exchange o f  k in e tic  and p o ten tia l energy m ust reach a d yn a m ic e q u ilib r iu m . W h ils t  the system  
is s t ill being eq u ilib rated  the velocities are scaled r ig o ro u sly  in  o rd e r to achieve a q u ic k  e q u ilib ra tio n . O n ly  
th ro u g h  experience and k no w led g e  o f a system , can it  be decided if  it  has reached e q u ilib r iu m , b u t once it has 
achieved som e m easure o f  e q u ilib r iu m  the velocities do not need to be scaled as often. H o w e v e r, the 
in te g ra tio n  o f  the system  is done n u m e ric a lly  and n o t a n a ly tica lly  and therefo re in v o lv e s som e degree o f
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ap p ro xim atio n . A s  a result the energy o f  the system  m ay  increase, therefore there is s t ill a need to m ain tain  
som e co n tro l o v e r the velocities.
2.2.5 Constant Temperature
F o r  a ll the constant tem perature studies used in  the fo llo w in g  sections the m ethod  o f
Berendsen et al. 1984 81 w as used. T h is  m ethod  is used once a system  is at e q u ilib riu m , and the ve lo cities are
scaled b y  a factor ft, w h ic h  acts to  keep the tem perature constant, and is given b y:-
Eqn. x v i X =  1 +  “  l )
At is the tim e step, T is the characteristic re la xa tio n tim e, T0 is the target tem perature, and
T is  the cu rre n t tem perature. T h e  rela xa tio n  tim es used fo r  all s im u la tio n s has been 0.1 ps w h ic h  is the default 
value suggested fo r  use in  Discover 2.9.
2.2.6 Overview O f Dynamics Algorithm
T h e  fo llo w in g  is the f lo w  c o n tro l used b y  Discover 2.9. T h e  in it ia l co-ordinates are
p ro vid ed  b y  the user, the in itia l ve lo cities at tim e (  +  y , are in itia lise d  ra n d o m ly  fo r  a given tem perature fro m
a B o ltzm an n  d is trib u tio n  o f  velocities, o r  fro m  a p re v io u s d yn am ics ru n .
1. C a lcu late  the p oten tia l, k in e tic, and total energies o f the system , as w e ll as the forces o n  each atom .
2. Evaluate the instantaneous tem perature.
3. C a lcu late  the tem perature co u p lin g  ft (f).
4. C o m p u te  the n e w  velocities v(t + M2Af).
5. Scale the ve lo cities b y  ft (f).
6. I f  in itia lis in g  the tem perature, scale the velocities d ire ctly  b y  i f  17”o — 7"(0l >DTEMP , w h e re
D T E M P  is the p erm itted  tem perature va ria tio n .
7. C a lcu late  the new  atom  p o sitio n s x(t +  Af) fro m  the n e w  velocities V(t+ M2dt).
81 Berendsen, H .  J. C .;  Postm a, J . P. M .; v an  G unsteren, W . F .; D iN o la , A .;  H a a k , J. R . J. Chem. Phys. 1984,
81, 3684.
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8. In cre m e n t the tim e co u n te r b y  the tim e step, A f, and re tu rn  to step 1 u n t il the specified  tim e has 
elapsed.
2.3 M OLECULAR ORBITAL M ETHODS
M o le c u la r m echanical m ethods s h o w  that it is p ossible  to describe m o le cu la r system s w ith  
N e w to n ia n  based p rin c ip le s. T hese m ethods re ly  h e a v ily  u p o n  param eterisation and d eterm in atio n  o f  k n o w n  
chem ical and stru ctu ra l p roperties. Q u a n tu m  m echanical (Q M ) m ethods use n o n -e m p irica l, n u m e rica l m ethods 
to  m od el atom ic and m o le cu la r system s. T h e  basis fo r  the th e o ry  is to treat su b a to m ic p articles in  term s o f 
w aves. It  is the w ave - p article  d u a lity  that leads to  this m ethod and since the electrons e x p lic it ly  described in  
these calcu latio ns these m ethods gives a better d escrip tio n  o f e lectro n ic effects. M o le c u la r  o rb ita l m ethods can 
therefo re be used to stu d y  radicals, excited states, o rb ita l interactions, e lectro n densities, io n isa tio n  poten tia ls 
and e lectro n  affin ities. In  fact, a n y  atom ic o r  m o le cu la r p ro p e rty  that is e le ctro n ic  in  n atu re is best expressed in  
a q u an tu m  m echanical fo rm ,
2.3.1 Form ulation O f A M olecular Energy Expression
T h e  aim  o f Q M  m ethods is to b u ild  up an energy expression based u p o n  the e lectro n ic 
stru ctu re  o f  the system  u n d e r stu d y. T h is  starts w it h  the idea o f each p a rtic le  e xisting as a w ave  w it h  a 
tra je cto ry  in  three d im e n sio n al space. T h e  fu n ctio n s used to express these w aves are called w av e fun ctio n s. T h e  
w a v e fu n ctio n s o f  e lectrons b o u n d  to an atom  e xh ib it discrete fu n ctio n a l form s. T h ese sp ecific  fu n ctio n s  are 
s im ila r fo r  all electrons in  a ll atom s, and are u su a lly  called o rb ita l fu n ctio n s, o r  s im p ly  o rb ita ls. W h e n  an 
e lectro n  is b o u n d  to an o rb ita l, its s p in  state becom es im p o rtan t. P a u li's  p rin c ip le s  p ro v id e  the rules fo r  p lacin g  
electrons in  o rb ita ls o f  m u lti-e le ctro n ic  system s. W h e n  tw o  electrons f il l  an o rb ita l th e y  m ust have o pposite  
spins. T h is  gives rise to sp in -o rb ita ls and an tisy m m e try. W h e n  atom s co m b in e  to  create m olecules the ato m ic 
o rb ita ls  o f  each co n stituen t atom  becom e m od ified , and m o le cu lar o rb ita ls are created. It  is these m o le cu la r 
o rb ita ls, (M O s), w h ic h  fo rm  the essence o f  M O  calculations.
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2.3.1.1 Wave Functions
I n  its m ost general fo rm  the S ch ro d in g er equation can be w ritte n  as:- 
Eqn. x v ii  H\\f = E\\J ,
w h e re  the H a m ilto n ia n  H  is an o p erato r acting on the w a ve fu n ctio n  vj/. T h e  eigenvalue E  
corresponds to the energy o f  the w ave fu n ctio n . F o r  sim ple one electron system s, p ro v id e d  the w a ve fu n ctio n  
fo r the electron obeys som e reasonable restriction s , the S ch ro din ger equation can be solved  exactly. T h e  three 
dim ension al so lu tio n s fo r  the h y d ro g e n  atom  p ro v id e  us w ith  the shapes o f  the atom ic o rb ita ls as w e k n o w  
them ; Is , 2s, 3s are sp h erical, w hereas 2p, 3p  are d u m b b ell shaped. These o rb ita ls are best described in  term s o f 
p o la r o r  angular co-ordinates. T hese o rb ita l so lu tio n s are d istin ct eigenstates o f  the H a m ilto n ia n  fo r  the 
hyd rogen atom . In  o rd e r to  p ro d uce  m eaningful so lu tio n s the w a v e fun ctio n  m ust tend to  zero at an in fin ite  
distance fro m  the nucleus. It  m ust also change sm o o th ly , be single valued, and have n o  d isco n tin u itie s  o r  sharp 
changes in  curva tu re. O n ce  the w a ve fu n ctio n  fo r  a system  has been determ ined m any, o th e r p h y sica l 
observables can be calculated using the fo llo w in g  expression:-
L(operator)v|/dT
Eqn. x v in  Observable = -— ? -
T h e  integration w it h  respect to t  means o ve r all observable space, and there is an o p e ra to r 
fo r every different observable, su ch as energy (H a m ilto n ia n  operato r), d ip o le  m om ent, and h y p e rfin e  co u p lin g . 
T herefore, the w a v e fu n ctio n  can be used to o b tain  m an y  observable properties. T h e  square o f  the m o d u lu s o f 
the w a ve fu n ctio n , (vj/’t y ), gives the p ro b a b ility  o f  fin d in g  the particle  at a defin ite lo catio n . T h u s , the 
integration o f  ityvj/ o v e r all space, m ust result, in  u n ity . T h is  means that a n o rm a lisa tio n  facto r m ust be fo u n d  
for each w ave fun ctio n . It  is co m m o n  to n o rm alise  w ave fun ctio ns so as to have:-
Eqn. x ix  J V}/ * \\fdx =  1
2.3.1.2 A tomic Orbitals
O n e  electron w ave fun ctio n s w h ic h  satisfy the restriction s im posed  b y  the S ch ro d in g er 
equation are referred to as o rb ita ls. T h e  o rb ita ls fo r  the hyd ro g e n  atom  are three d im e n sio n al fu n ctio n s, w h ic h
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can be used to f in d  the energy o f a single electron. T h e  ad o p tio n o f  s im ila r one-electron fu n ctio n s  fo r  use in  
p o ly a to m ic  system s is referred  to as the o rb ita l ap p ro x im a tio n . It  is therefore co rre ct to refe r to  an o rb ita l o r  a 
one electro n w a v e fu n ctio n  as the same.
2.3.1.3 A  ccounting For Spin States
W h e n  electrons are considered to be in  orb ita ls the sp in  state o f  the e lectro n  becom es v e ry  
im p o rta n t. T h e  fo rm  o f a m any-electron w a ve fu n ctio n  m ust therefore be able to  express the p aire d  electron 
s p in  states. In  the h e liu m  atom , the tw o  Is  electrons have opposite spins in  the g ro u n d  state. H o w e v e r, since 
b o th  electrons are id en tical ferm io ns, particles w it h  h a lf integral sp in  that o b e y  F e rm i-D ira c  statistics, 
in te rch an g in g  th e ir  p o sitio n s m ust result in  the same w a ve fu n ctio n , b u t w it h  a reversed sign. T h is  canno t be 
achieved b y  s im p ly  reversing  the sign o f the w ave fu n ctio n s o f each electron. T o  ove rco m e  the p ro b le m , the 
w ave  fu n c tio n  fo r  a tw o  electron atom ic o rb ita l is w ritte n  as:-
Eqn.xx V =  -^r[1S(1)1§(2)-1s(2)1s(1)]
T h e  nu m b e rs in  brackets refer to e lectron 1 and electron 2 o f  a tw o  e lectro n  system , the 
b ar o ve r the o rb ita l refers to an electron w it h  reversed sp in. H en ce , i f  the interch ange is m ade, the fu n c tio n  
rem ains the same, except fo r  a change o f sign. T h e  fu n c tio n  m ust be n o rm alise d  to ensure that the p ro b a b ility  
o f the p articles existing space is u n ity . F o r  larger system s the possible interchanges increase as n-fa cto ria l fo r  an 
n  e lectro n  system . T h u s  fo r  b e ry lliu m  w it h  4 electrons there are 24 possible  interchanges.
Eqn. x x i  \j/ =  1 s(1)  1 s(2)2s(3)2s(4) -  1 s(1)  1 s(2)2s(3)2s(4)+ 
2s(1) 1 s(2) 1 s(3)2s(4) -  2s(1) 1 s(2) 1 s(3)2s(4) 4-..
T o  p reve nt the equations fro m  b ecom ing v e ry  large an d  cu m bersom e, the d eterm inantal 
fo rm  is used. B y  e xpand ing the determ inant the fu ll  equatio n can be fo u n d . T h u s  f o r  h e liu m  and b e ry lliu m  the 
above equations becom e:-
1Eqn. x x i i  H e  ~z=r* J2\
1s(1) 1s(2) 
1s(1) 1s(2)
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1s(1) 1s(2) 1s(3) 1s(4)
_j_ 15(1) 1s(2) 15(3) 15(4)
e /+ 2s(1) 2s(2) 2s(3) 2s(4)
25(1) 25(2) 25(3) 25(4)
I f  the fu n ctio n a l fo rm s o f  the in d iv id u a l atom ic o rb itals, in  p o la r  co-ordinates r, 0, (j), can 
be found, then the w a ve fu n ctio n  fo r  a w h o le  atom  can be found . T h e  angular com ponents fo r  the one electron 
function s fo r all elem ents can be assum ed to be the same as that o f  the h y d ro g e n  atom . T h e  rad ial p art o f  the 
fu n ctio n  can be a p p ro xim ated  u sing data about the atom ic rad ii. T h is  typ e o f o rb ita l is called a n u m erica l 
fu nctio n .
H a rtre e  derived  som e extrem ely  accurate n u m erica l atom ic fu n ctio n s, w h ic h  w ere later 
fitted to an alytical fu n ctio n s b y  Slater and term ed Slater type orb itals. T h e  fu n ctio n a l fo rm  o f these equations 
is:-
S la te r typ e  o rb ita ls
Eqn. x x ii i  % i  =  N x  (exponential f(r)) x  (spherical harmonic f(9, <}>))
T h e  o rb ita ls o f a given atom  can be norm alised, that is the integral o ve r a ll space o f  the 
square o f  the fu n c tio n  is equal to u n ity . It  is also possible to choose o rb ita l fu n ctio n s su ch  that the integral o ve r 
all space o f the p ro d u c t o f  tw o  different o rb ita l fu n ctio n s is zero. T h is  means there w o u ld  be n o  o verlap 
between the tw o  o rb ita ls, and th e y  w o u ld  be orth ogonal. T h is  leads to p ro b lem s w h e n  in te rp re tin g  the 
w avefunctions. T h e re fo re, in  practice, the o rb ita l fu nction s are chosen to be no rm alised, b u t n o n -o rth o g o n al. 
T h e  d e fin itio n  o f  an o ve rlap  integral betw een tw o  orb itals is:-
Eqn. x x iv  faiX jdx  =  S,y
2.3.1.4 Molecular Orbitals
T h e  w ave fu n ctio n s fo r  m o le cu la r system s are chosen to be s im ila r to those fo r  atom s. A  
m olecular w ave fu n ctio n  is a determ inant o f  in d iv id u a l m o le cu lar o rb ita ls, su ch as the general case sh o w n  in  
equation x x v .
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Eqn. x x v
* 1(1 ) * i ( 2 )  • •  <h(n)
* 2(1 )
•
*2 (2 ) •  
•  •  
A A
•  •
•
<W 1)
W W 
•  •
tn<2) •
•  •
•  §n(ri)
(j); are three d im e n sio n al fu n ctio n s, w h ic h  determ ine the p ro p erties o f  in d iv id u a l electrons 
in  a m olecu le. T h e  w a v e fu n ctio n s m ust be an tisy m m e tric  w ith  respect to e lectro n interchanges. T h e re fo re  the 
m o le cu la r w a v e fu n ctio n  (T )  can be fo u n d  if  the con stitu en t m o le cu lar o rb ita ls  can be fo u n d . T o  achieve th is 
the u n k n o w n  m o le cu la r o rb ita ls are fo u n d  b y  an exp a n sio n  in  term s o f the k n o w n  atom ic o rb ita l fu n ctio n s. 
T h u s  a lin e a r co m b in a tio n  o f  ato m ic o rb ita ls w il l  y ie ld  the m o le cu la r o rb itals.
Eqn. xxvi (j) / = E  C/fcX/f
k
T h e  atom ic o rb ita l y k has been expressed as the p ro d u c t o f  a constant, an e xp o n e n tia l 
fu n c tio n  o f  r  and a sp h erical h a rm o n ic  fu n c tio n  o f 0 and (j). H e re , i indexes an u n k n o w n  m o le cu la r o rb ita l, and 
k indexes a k n o w n  atom ic o rb ita l. T h e re fo re  each m o le cu lar o rb ita l con tains a sm a ll co m p o n en t, expressed b y  
cih o f  each atom ic orb ita l. T h e  p ro b le m  n o w  becom es one o f  fin d in g  the a m o u n t to w h ic h  each ato m ic o rb ita l 
co n trib u te s to each m o le cu la r o rb ita l. T h is  is w h e re  the use o f secular equations leads to so lu tio n s.
2.3.2 From  Theory To Calculation
M o le c u la r  o rb ita ls can be expressed as lin e a r co m b in a tio n s o f  the k n o w n  ato m ic o rb ita ls. 
These M O 's  are fu n ctio n s that can be arranged in to  a d eterm inantal fo rm  to express the m any-e le ctro n 
w a ve fu n ctio n . T h e  m in im is a tio n  o f  the energy o f  the m any-electron w a v e fu n ctio n  leads to a self-consistent 
fie ld  (S C F ) o f  equations fo r  the coefficients, c;k, co n ta in in g  the m a trix  elem ents o f  a one electro n o p e ra to r, F . 
T h e se  equations can be w ritte n  in  secular fo rm , w h ic h  leads to a secular d eterm inant. E a ch  o f  the m a trix  
elem ents o f  the one-electron o p e ra to r depends o n  all cik. F o r  th is reason, to a rriv e  at an accurate w a ve fu n ctio n , 
a ll coefficients c^ m ust be successively ap p ro xim ated  based o n  a set o f  p re v io u s ly  calculated values o f  these 
coefficients. T h e  process is repeated u n t il the in d iv id u a l coefficients reach convergence, hence the name 
self-consistent field. T h e  accuracy o f  the w a v e fu n ctio n  is related to the energies o f the o rb ita ls  it produces.
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L o w e r energies im p ly  a better a p p ro x im a tio n . It  has been sh o w n  that a m ore fle xib le  w a ve fu n ctio n  produces 
lo w e r energies. T h e  next section describes h o w  better w ave fun ctio ns can be prod uced , and leads in to  the fo rm  
o f the equations used fo r ab initio M O  calculations.
2.3.2.1 Secular Equations
T h e  presentation o f the w a ve fu n ctio n , in  term s o f sp in  o rb ita l fu n ctio n s, has alread y been 
s im p lifie d  b y  w ritin g  them  in  determ inan tal fo rm . H o w e v e r, the fo rm  o f the in d iv id u a l m a trix  elem ents needs 
to be expanded u p o n . T h e  in d iv id u a l o rb ita ls satisfy the equation
Eqn. x x v ii  F(J>/ =  8 /<j)/
w h e re  F is n o w  a one-electron operato r, w h ic h  depends o n  all o rb ita ls  <j>; an d  e; is the 
energy o f  the i*  one electron m o le cu la r o rb ita l <j);. T h e  m o le cu lar o rb ita l is a lin e a r co m b in a tio n  o f  the 
constituent atom ic o rb ita ls, and hence can be w ritte n  as:-
Eqn. x x v ii i  F  £  Cik%k =  6 / £  C/kXk
k k
T o  o b ta in  the secular equations, b o th  sides o f  th is equation are m u ltip lie d  successively b y  
all Xi» and then integrated o v e r all space.
Eqn. x x ix  £  Cik(\%lF%kdv)  =  8 / £  Cik(h l% kdv)
k k
These equations can be s im p lifie d  b y  the im p lie d  n o ta tio n  that:- 
Eqn. x x x  F/k = j%lF%kdv and Sik = J %l%kdv
T h e  equatio n therefore becomes:- 
Eqn. x x x i  £  Cjk(Fik -  S / S / Q  =  0
M a th e m a tica lly  these equations h o ld  n o n -triv ia l so lu tio n s if:-
s e c u la r  d e te rm in a n t  
Eqn. x x x ii  det |F/k ~ S /S //c | = 0
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T h is  equation, is the basis fo r  a ll m o le cu lar o rb ita l m ethods. I f  the integrals are com puted , 
an d  the d eterm inant expanded, it  w o u ld  y ie ld  a p o ly n o m ia l in  term s o f  the o rb ita l energies. I f  there are N  basis 
fu n ctio n s  %i> one can o b tain  N  M O 's , each w ith  its o w n  energy, s;. T h e  n u m b e r o f  M O 's  availab le  therefore 
depends u p o n  the n u m b e r o f  atom ic o rb ita ls used to express the m o le cu la r o rb ita ls. T h e  m o re  ato m ic o rb ita ls 
used the m ore fle xib le  the w a ve fu n ctio n  becom es and the better the results. E a ch  so lve d  o rb ita l energy, s;, can 
be entered in to  the secular equations and the coefficients cUt can be fo u n d . H o w e v e r, th is is a co m p lica te d  and 
cum bersom e process. T o  s im p lify  m atters, and to use the p o w e r o f  co m p u ta tio n a l m ethods, the N  equations o f 
the fo rm  o f e qu atio n x x x i are treated as generalised eigenvalue /  eigenvector p ro b lem s. T h is  p ro b le m  can be 
so lve d  b y  v e ry  efficient n u m e rica l a lgo rithm s, y ie ld in g  sim u ltan eo u sly  a ll o rb ita l energies s { and all o rb ita l 
coefficients cik.
2.3.2.2 Calculation O f The Integrals
T h e  s o lu tio n  o f  these secu lar equations poses no  seriou s p ro b lem s, p ro v id e d  that the 
integrals can be evaluated. T h e  term s S,k are the overlap integrals and represent the o ve rlap  o f  tw o  
th ree-dim ension al fu n ctio n s. T hese are fa ir ly  stra ig h tfo rw ard  to evaluate an d  standard co m p u te r p ro g ra m s are 
available. T h e  o th e r term s are co m b in e d  in to  a F o c k  m a trix  and in c lu d e  the one-electron o p e ra to r F w h ic h  has, 
as yet, n o t been defined. F o r  the m ore precise m ethods, such as ah initio, these term s are f u lly  com puted , b ut 
f o r  m o re  ap p ro xim ate  m ethods these term s are replaced b y  p redeterm ined param eters. F is a on e  electro n term  
that describes the k in e tic  an d  p o ten tia l energy o f an electron and its o p e ra tio n  u p o n  a m o le cu la r o rb ita l 
pro v id e s an expression fo r  the energy o f  that o rb ita l. T h e  o perato r F can therefo re be fu rth e r b ro k e n  d o w n  
in to  separate term s fo r  each o f  these co n trib u tio n s. T o  s im p lify  n o ta tio n , these term s are best represented in  
ato m ic co-ordinates o f e lectro n ic charge, e, mass, me, and length as the B o h r  rad ius. F o r  the h y d ro g e n  atom  F 
coincid es w it h  the H a m ilto n ia n  H, that is
Eqn. x x x i i i  F = H — (—£V2 — 7^
w h e re  the first  term  represents the k in e tic  energy; V 2 is the s h o rth a n d  n o ta tio n  fo r
d2 d^ _ dj_
dx2 dy2 dz2 and the p oten tia l energy o f  the electron - nuclear attractio n b y , 1 / r .  F o r  the h y d ro g e n  m olecule
the o p e ra to r w il l  in c lu d e  k in e tic  energy term s fo r  b o th  electrons, and p o ten tia l energy term s fo r  the attraction
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o f the electrons to the n u cle i, and re p u ls io n  between the electrons to the tw o  n u cle i and to each other. T h e  
equation fo r the hyd ro g e n m olecule  can be considered as an equation fo r  tw o  separate h y d ro g e n  atom s, w it h  
the ad d ition o f  the electron - e lectron re p u lsio n  and the nuclear - nu cle ar rep ulsio n . F o r  a n y  system  co n ta in in g  
m ore than one electron, F u su a lly  contains term s accou nting  fo r  the fie ld  generated b y  the presence o f  a ll o th e r 
electrons.
23.2.3 Self-Consistent Molecular Orbitals
T h e  one electron o perato r F m ust express all the energy co n trib u tio n s that in v o lv e  one 
electron. W ith  m any-electron system s the in te ra ctio n  o f  one electron w ith  a ll o th e r electrons becom es an issue. 
T h e  p ro b le m  becom es one o f  accou nting fo r  these interactio ns w h e n  the m o le cu lar o rb ita ls o f  the o th e r 
electrons are no t k n o w n . T h e  so lu tio n  again uses the p o w e r o f com puters to p ro d uce  a successive iterative 
ap p ro xim atio n  to all the o rb ita ls in  the m olecule. E a ch  iteratio n  uses the p re vio u s a p p ro x im a tio n  fo r  the 
orb itals to fin d  a better a p p ro x im a tio n . T h is  m ethod  takes an in itia l guess fo r  the o rb ita l coefficients cik and 
uses them  in  the F o c k  m a trix  F to fin d  the o rb ita l energies. These energies are then used in  the secular 
equations to ob tain n e w  values fo r  the cik param eters. T h is  process is repeated u n t il the param eters are the same 
to w ith in  a pre-set convergence tolerance.
2.3.3 Im proving The Approximations
T h u s  far, the th e o ry  has sh o w n  th ro u g h  several assum ptions that m o le cu la r o rb ita ls  can be 
approxim ated b y  co m b in in g  o rb ita l fu n ctio n s fo r  the con stituen t atom s. T hese o rb ita l fu n ctio n s are, in  tu rn , 
expressed b y  means o f Slater's expression, o r  ap p ro xim atio n s to it. T h e  m ore o rb ita l fu n ctio n s used in  the 
stud y the m ore fle xib le  the w a v e fu n ctio n  becomes. H o w e v e r, th is also increases the co m p u ta tio n al tim e. T h e  
electronic state o f  a m olecule  can change b y  passing to excited states and then rela xin g  to the g ro u n d  state. T h e  
w ave fun ctio n  can be im p ro ve d  if  the a b ility  o f  the m olecule  to enter these excited states is considered. E a ch  
excited state considered w ill  im p ro ve  the w a v e fu n ctio n  to som e degree, u su a lly  the h ig h e r the energy o f  the 
excited state the lesser the im p ro ve m en t made. H o w e v e r, som e excited states are m o re  significant than others; 
these m ay be ones that are close to the g ro u n d  state, o r  th e y  m ay be ones that related to h ig h e r excitations.
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2.3.4 Semi-Empirical M ethods
A ll  the c o m m o n ly  used sem i-em pirical techniques reduce the n u m b e r o f  ato m ic o rb ita ls 
used fo r  b u ild in g  u p  the m o le cu la r o rb ita ls b y  ig n o rin g  orb ita ls that are no t in  the valence shell. F o r  the first 
r o w  o f  the p e rio d ic  table, in c lu d in g  carb on , n itro g en  and oxygen, n o  Is  o rb ita l fu n ctio n s are s p e cific a lly  
in c lu d e d  in  the calculations. T o  account fo r  these in n e r shells, the form s o f  the H a m ilt o n ia n  an d  the 
one-electron op e ra to r change, in c o rp o ra tin g  effective nuclear charge and m o d ifie d  o rb ita l fu n ctio n s. T h e  
one-electron op e ra to r in  its sim plest fo rm  then becomes
Eqn. x x x iv  F = h core+ ?  J j ~ K j
T h e  co re  term  in  equation x x x iv  incorpo rates the k in e tic  energy and attractive forces to 
the core in n e r fille d  shells, rath er th an  to the bare nucleus, and the integrals in v o lv in g  the core are replaced b y  
e m p irica l param eters. T h e  p ro b lem s associated w it h  param eterisation are that the param eters used are 
o p tim ise d  to reprod u ce experim ental data. T hese m ethods are therefore o n ly  a p p licab le  to the system s and the 
p h y sic a l p roperties used in  the param eterisation. T h e  cho ice o f  the sem i-em pirical m ethods used, therefo re, is a 
re fle ctio n  o f  the tim e and resource available and the system s w h ic h  are u n d e r stud y.
T h e  secular determ inant is the centre p o in t f o r  all M O  calcu lations. T h e  degree o f 
a p p ro x im a tio n  o f all m ethods derives fro m  the degree to w h ic h  the secular d eterm inan t is param eterised. I f  all 
the integral term s are com p uted  then the level o f  a p p ro x im a tio n  used in  the ca lcu latio n s is at a m in im a l level. 
T h is  level is referred to as the ab initio level o f  M O  calculations, and the accuracy o f  th is  m eth o d  is o n ly  
dependent u p o n  the n u m b e r o f  atom ic o rb ita l fu n ctio n s used to f in d  the m o le cu la r o rb ita ls. O th e r  sources o f 
e rro r  lie  w it h  the va rio u s  assum ptions that are used fo r  a ll levels o f  q u an tu m  th e o ry . T h e  o th e r M O  m ethods 
are referred  to as semi-empirical, in  that som e o f  the term s in  the secular determ inant are replaced b y  
e m p iric a lly  derived  param eters. T hese m ethods also v a ry  in  the n u m b e r o f  ato m ic o rb ita l fu n ctio n s  used to 
express the m o le cu la r o rb ita ls. F o r  the studies detailed in  the fo llo w in g  chapters tw o  sem i-em pirical m ethods 
have been used, A M I 82 (A u s tin  M o d e l no. 1) and P M 3 83 84 (Param eterised M o d e l N o . 3). T h ese tw o  m ethods
82 D e w a r, M . J. S.; Z o e b isch , E . G .; H e a ly , E . F .; Stew art, J. J. P . / .  Am. Chem. Soc. 1 9 8 5 ,107, 3902.
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represent the c u lm in a tio n  o f years o f  successive im pro vem en ts, based o n  the neglect o f  d ifferen tia l o ve rlap  
integrals.
2.3.4.1 Neglecting Differential Overlap
T h ro u g h  the p re vio u s d iscussion it has been sh o w n  that c o n trib u tio n , cik, o f  atom ic o rb ita l 
i to the m o le cu lar o rb ita l k, can be fo u n d  fro m :-
Eqn. x x x v  E  (F/g -  Efiik)Cki =  0 /
w h e re  E k is the energy o f  m o le cu lar o rb ita l k , d>!k is the K ro n e c k e r delta, the valu e  o f  the 
overlap integral, and Fti. is k n o w n  as the F o c k  m atrix. T h e  F o c k  m a trix  is the sum  o f one electron term s (hlk, 
the core H a m ilto n ia n ), and tw o  electron term s, Glk. T h e  e lectro n ic energy is given as:-
Eqn. x x x v i E ei =  ~ E E  Pik(hik +  Flk)I k
P,k is a the d en sity  m atrix, and describes the b o n d  orders betw een tw o  d ifferen t atom s. T h e  
H a m ilto n ia n  con tains integrals fo r  e lectron exchanges betw een all electrons o v e r a ll o rb ita ls. T h e  Gtk term s 
in vo lv e  integ ration o ve r the co-ordinates o f  tw o  electrons. T hese integrals are expressed m ath em atically  as:-
Eqn. x x x v ii  \Xm O )XnO )r^% l(2)Xs(2)dT'[ d x 2 (in  sh o rth a n d  no tatio n:- (/m nlls ) )
I f  the o rb ita ls  m, n, I and s are o n  different atom s then an a p p ro x im a tio n  can be made:-
Eqn. x x x v ii i  ( mtlUs)  =  &mn&ls(tT)m\lf)
T h e  (K ro n e ck e r) delta term s are set to zero if  the su bscripts are different, as the integrals 
they represent are o n  d ifferen t atom s. W it h  this ap p ro x im a tio n , a ll the three and fo u r  centre term s are 
neglected. Ab initio studies s h o w  that the neglect o f  these term s does indeed o n ly  account fo r  a sm all am o u n t in
83 Stewart, J . J . P . / .  Comp. Chem. 1989, 10:2 , 209.
84 Stewart, J. J . P . / .  Comp. Chem. 1989, 10:2, 221.
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co m p a riso n  to the rem ain in g  integrals. T h e  successively m ore co m plicated  sem i-e m p irica l m ethods t r y  to 
re co v e r fro m  the o m issio n  o f  these integrals b y  adding m ore term s o r  param eters.
2.3.4.2 NDDO (Neglect O f Diatomic Differential Overlap)
A M I  and P M 3  are the second and t h ird  param eter sets u sin g  the N D D O  a p p ro x im a tio n  
based o n  the neglect o f d ifferen tia l o verlap  concept. F o r  a detailed h is to ry  o f the p re v io u s m ethods refer to the 
re v ie w  b y  J. P. Stew art85. T h e  v a rio u s  m ethods that led to the fo rm u la tio n  o f  A M I  w ere su ccessively  revised 
and m o d ifie d  to overcom e the p ro b lem s o f  m o d e llin g  certain e lectro n ic  system s. T hese p ro b le m s w e re  caused 
b y  the neglect o f  d ifferen tia l o ve rlap  integrals. B y  the tim e A M I  was p ro d u c e d  the n u m b e r o f  neglected 
integrals had been reduced, and co n seq u en tly  the n u m b e r o f  param eters has g reatly  increased fro m  the o rig in a l 
seven to  13 o r  16 p e r atom . T h e  latest m o d ificatio n s leading to A M I  w ere to in c lu d e  a n u m b e r o f  sp h erical 
gaussians to the core-core term  to account fo r  h y d ro g e n  bond in g . A M I  w as thu s the first  sem i-em p irical 
m eth o d  to c o rre c tly  m od el the w ater d im er. T h ro u g h o u t the p ro g re ssio n  o f  these m ethods, the param eters 
d erive d  have becom e based m o re  u p o n  re p ro d u cin g  experim ental data rath er b eing d erived  fro m  it, P M 3  w as 
the c u lm in a tio n  o f  th is approach, and m ade use o f  fast o p tim isa tio n  co m p u te r m ethods, to derive a set o f  
param eters that w ere alm ost e n tire ly  based u p o n  the re p ro d u ctio n  o f  e xp erim ental data. T h e  test data set that 
w as used con tained  12 d ifferen t elem ents, and therefore param eters fo r  those 12 elem ents w e re  d erived  
sim u lta n e o u sly .
2.3.4.3 Approximations O f The NDDO Methods86
1. T h e  set o f valence ato m ic o rb its  are treated as being o rth o n o rm a l, that is th e y  have n o  o ve rlap . T h e  
overlap  integrals in v o lv in g  o rb ita ls o n  different atom s are set equal to zero , an d  i f  the o rb ita ls  are on 
the same atom  the ove rlap  is already zero. U s in g  this a p p ro x im a tio n  the diagonal elem ents o f  the 
d en sity  m a trix  co rre sp o n d  to the electron p o p u latio n s o f  the valence ato m ic o rb ita ls. T h e  off-diagonal 
elem ents are the m o le cu la r o rb ita l b o n d  orders, term ed long-range b o n d  orders fo r  n o n -n e ig h b o u rin g  
atom s.
85 J . P. Stew art Reviews in computational chemistry E d ite d  b y  L ip k o w it z  an d  B o y d , N e w  Y o r k ,  V C H  , 1990.
85 P o ple, J. A .;  Santry, D .  P .; Segal, G . A . / .  Chem. Phys. 1965, 43:10, S129.
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2. A l l  tw o -e lectro n integrals w h ic h  in v o lv e  the overlap o f  atom ic o rb ita ls o n  different atom s are 
neglected. T h e  integral (m n jls )  is set to zero , unless m  and n  are b o th  o n  the same atom s and 1 an d  s 
are b oth o n a co m m o n  atom . T h e  rem ain ing tw o -electron integrals are o f  the tw o-centre type, w it h  an 
electron associated w ith  each atom .
3. T h e  off-diagonal core m a trix  elem ents betw een atom ic orb ita ls o n  different atom s are estim ated. T h is  
leads to the param eter PAB°. T h is  param eter is n o t determ ined e xp e rim e n tally  b u t is u s u a lly  fitte d  to 
reprod u ce experim ental results.
2.3.5 Parameters For AMI And PM3
A M I  and P M 3  are b o th  based o n  the M N D O  (m in im u m  neglect o f  differen tia l overlap ) 
m ethod and thus use the m a jo rity  o f  param eters fro m  th is m ethod  87. A M I  m akes one m ajo r m o d ifica tio n  to 
the M N D O  m ethods. T w o  to fo u r gaussian fun ctio n s are used to m o d ify  the core re p u ls io n  fu n ctio n , thus 
leading to betw een 6 and 12 extra param eters fo r  each elem ent. T h e  n e w  fo rm  o f the core re p u ls io n  fu n c tio n  
overcom es som e fundam ental inconsistencies that w ere apparent in  M N D O , n am ely the in a b ility  to describe 
hydrogen bonds, o v e rly  p o sitive  energies fo r  cro w d ed  system s su ch  as neopentane, o v e rly  negative ones fo r  
systems w ith  fo u r m em bered rings, and o ve r estimates fo r  activation energies.
T h e  P M 3  m ethod  in tro d u ce d  a n e w  o p tim isa tio n  m ethod  fo r  d e riv in g  the param eters o f  
several elem ents at the same tim e. T h is  m ethod  came w ith  the advent o f increased speed in  co m p u ta tio n al 
resources. T h e  tim e co n su m in g  step fo r  d e riv in g  param eters w ith  this m ethod was the c o m p ila tio n  o f  necessary 
experim ental reference data, not the co m p u ta tio n  o f param eters derived  fro m  them . T h e  fu ll set o f  param eters 
used in  the m ethods start w it h  an e xpansion o f  the heat o f  form atio n:-
Eqn. x x x ix  A H f — EElect +  ENuc~^ E ^j +  Z  A H f
A
w here
Eqn. xl E Elect =  \  T t \ P ( H  +  F )]
87 D e w a r, M . J. S.; T h ie l, W  .J. Am. Chem. Soc. 1 9 77 , 99, 4899.
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W h e re  P, H  and F are the density, one-electron and F o c k  m atrices resp ective ly. T h e  
elem ents o f  the F o c k  m a trix  are:-
Eqn. xii F wt =  U ^+ Z  Vj^e+Z P v v Ivv) -  ( jiv Ipv)]+ZZZ PXu(\i\i\vv)
B v 6 ^  a
Eqn. x l i i F nv =  S
(Pfi+Pv)
-ZI PAxyfytAJvcr) , w here p  =£ v'ka
VmB is the po ten tia l experienced b y  atom ic o rb ita l due to a ll n u cle i in  the system  o th e r 
th an  that o f T h e  term s Pp and Pv are the ato m ic param eters fo r  s and p  typ e  o rb itals. T h e  o ve rlap  integral 
S(lv is the overlap  o f  tw o  Slater typ e  o rb ita ls, and takes the form :-
Eqn. x l i i i  tty =  A/rf-1 e_^ rYj?7(©, <(>)
respectively.
£; is the atom ic o rb ita l exponent, and is param eterised as <E,S and fo r  s an d  p o rb ita ls,
T h e  n u cle ar - n u cle ar re p u ls io n  energy E Nuc is given b y  x liv ,
Eqn. x l iv  E n u c  “ Z  E n ( I J )
«j
w ith ,
Eqn. x lv  EN(i,j) = Z a Z b (A A lB B ) 1 + e (“a^ )  + e (-ae%)
-b k eA [R r ckA)  2 -bl<eB(Rr ckB) '
Z a/fA +£ a kB
k k
I n  each atom  i o f  typ e  A and atom  j  o f  type B there is a tw o  centre integral (AA \ BB), a 
n u m b e r o f  valence electrons Z „ and an in te ra to m ic distance fro m  atom  i to atom  j  is Rtj. T h e  second term  is 
in tro d u c e d  in to  the A M I  m ethod  to co rrect fo r  long-range re p u lsio n s in  the core-core re p u ls io n . T h e  
q uantities a A, a lK, bik, and cik are o p tim isable  param eters.
Eqn. x lv i E*/ -  f(P //, U  //, (H\jj), (ij\ /)))
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W h e re  Ps is the g ro u n d  state atom ic o rb ita l p o p u la tio n  o f  atom ic o rb ita l i. T h e  Uu term  is 
the one-electron energies o f  the ato m ic o rb ita ls o f the io n  resultin g fro m  rem o val o f  a ll valence electrons. T hese 
are represented b y  the param eters U„ and Upp. T h e  tw o  electron, one centre integrals (ii \jj) are represented b y  
five in te ra ctio n  param eters, (ss\pp)=Glp (ss\pp)=Gsp> (pp\pp)=Gfp, (pp\p'p)=Gp2and(sp\sp)=Hsp.
T h e  last term  fo r  the heat o f  fo rm a tio n , A H f A, is the experim ental heat o f  fo rm a tio n  fo r  
atom  A . T h is  value is taken fro m  experim ental data.
2.3.6 Parameters For AM1-SM2 And PM3-SM3
T h e  in c lu sio n  o f  solvent effects in to  a q u antum  m echanical m ethod  leads to the a b ilit y  to 
predict free energies o f  so lva tio n , and co n fo rm a tio n a l effects ind u ced  b y  different solvents. A M S O L 88 is a 
sem i-em pirical q uan tum  m echanics package that includes several param eterised m ethods fo r  stu d y in g  aqueous 
solvation . F o r  the studies detailed in  later chapters tw o  such m ethods have been used, A M 1 -S M 2  89 and 
P M 3-S M 3 90. T hese m ethods are refinem ents based o n  earlier w o r k  b y  the same au thors 9192, w h ic h  co rrect fo r  
inaccurate treatm ent o f  the h y d ro p h o b ic  effects, the larger than average e rro r  fo r  the s o lv a tio n  o f  w ater, and 
the fact that no param eters w ere presented fo r  p h o sp h o ro u s. T h e  authors base th e ir  o rig in a l th e o ry  o n  the 
m ethods o f  S till and co -w o rk e rs 93. T h e  th e o ry  com bines surface ten sio n term s, solvent-accessible surface area, 
dispersio n and ca vity  effects, w it h  the generalised B o rn  m odel 94 95 fo r  p o la risa tio n  effects. F o r  fu ll reference to 
the developm ent o f  th is th e o ry  refer to citations in  reference 91. T h e  m od ification s m ade to the sem i-em pirical
88 C ra m e r, C . J. and T ru h la r ,  D. G . A M S O L , v e rs io n  1, p rogram  606, Q u a n tu m  C h e m istry  P ro g ram
Exchange, In d ia n a  U n iv e rs ity , B lo o m in g to n , IN .
89 C ram er, C . J.; T ru h la r, D. G .; Science 1992, 256, 213.
90 C ram er, C . J.; T ru h la r , D. G .; Journal of computational chemistry, 1992, 13, 1089.
91 C ram er, C . J. T ru h la r, D .  G . / .  Am. Chem. Soc. 1991, 113, 8305.
92 C ra m e r, C . J . and T ru h la r, D. G.J. Am. Chem. Soc. 1991, 113, 8552.
93 S till, W . C .;  T e m p cza k, A .;  H a w le y , R . C .; H e n d ric k s o n , T . / .  Am. Chem. Soc. 1990, 112, 6127.
94 B o rn , M . Z . Physik 1920, 1, 45.
95 R a sh in , A . A .; H o n ig , B. /  Phys. Chem. 1985, 89, 5588.
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m eth o d  to in c lu d e  so lve n t effects in v o lve s the ad d itio n  o f p o la risa tio n , surface area dependent ca v ity  and 
d isp e rsio n  term s. T h e  d ispe rsio n  and ca v ity  fo rm a tio n  term s in c lu d e  the free energy o f  ca vity  fo rm a tio n , and 
the free energy o f  solvent reo rgan isation and d isp e rsio n  energy w h e n  so lve n t is placed  in  the ca vity .
T h e  total free energy o f  the solute is b ro k e n  d o w n  in to  tw o  parts:- 
Eqn. x lv i i  G g  = G e n P + G q
W h e re  G ENP is the electro n ic (E) energy, solute nu cle ar (N ) re p u lsio n , and solute-solvent 
p o la risa tio n  (P) term s, and G qD is the free energy o f  ca vity  (C ) creatio n in  the so lve n t p lu s  the solute-solvent 
d ispe rsio n  (D ) interactio ns. T h e  gas phase ca lcu latio n s p ro v id e  the E  and N  term s, w h ic h  m ust be augm ented
b y  the P  and C D  term s. T h e  p o la risa tio n  term  is derived  fro m  the generalised B o r n  fo rm a lism :-
G e n e ra lis e d  B o r n  fo r m u la
1 f  -A N N 
Eqn. x lv i i i  G r  =  — ^  I 1 ~  e J T £ qkQk'Jl<k'
W h e re  8 is the d ielectric  constant and ykk. is a C o u lo m b  integral.
C a v it y  f o r m a tio n  a n d  d is p e rs io n .
0 NEqn. x l ix  G q d = £  G/</4/<
/<= 1
N  is the n u m b e r o f  atom s in  the solute, A k is the so lve n t accessible surface area o f  atom  k , 
and crk is a param eter fo r  atom  k  that is term ed the accessible surface tensio n.
Eqn. 1 Jkk =
a k is an effective atom ic radius, dependent u p o n  the chem ical e n v iro n m e n t. F o r
m o n a to m ic ion s, a k is set to an e m p irical param eter, pk, w h ic h  is term ed the C o u lo m b  rad ius. F o r  m ore
co m p le x  io n s pk is derived  e m p iric a lly  fro m  the generalised B o rn  fo rm u la , fo r  a given chem ical e n viro n m e n t, 
and assum ing that all other atom s o n ly  displace the dielectric m ed iu m  fro m  the v o lu m e  calculated. T h e  
C o u lo m b  radius pk is a fu n c tio n  o f  p artia l charge and atom ic nu m b e r, and it  is w ritte n  as:-
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Eqn. I i  p/< =  p ®  +  p 'p - } a r c t a n ^  + i
W h e re  qk is the p artial ( A M I)  charge o n  atom  k, and p ^ ,  pk \  cfff and qk are constants. 
O f  these param eters q (1) is assumed to be independent o f  atom  typ e  and op tim ise d  to a valu e  o f  0.1. T h e
rem aining param eters w ere fitted to reprod u ce selected com pound s. T h e  fin a l param eter to be o p tim ise d  fo r
each elem ent is crkJ the accessible surface tensio n, fo r  the ca vity  fo rm a tio n  free energy term .
T h e  H a rtre e -F o c k  a p p ro x im a tio n  fo r  valence orb ita ls o f  a solute is therefore w ritte n  as:-
N Nn . m m  r  n " l ' V / v
Eqn. I i i  G s  =  ~ ^  ^  P j i v [ H ^ v +  F p v ] +  ^  ^  F W
|i=1v=1 F J k~\k'=\
W h e re  p  and v  are valence atom ic orb ita ls, m  is the n u m b e r o f  valence ato m ic o rb ita ls. P , 
H  and F  are the den sity, one-electron and F o c k  m atrices in  the absence o f  solvent respectively, and Ekk' 
contains the nu cle ar re p u ls io n  and so lv a tio n  term s.
Eqn. l i i i  Ekk' -  \  ZkZk'Qkk' ~  ( l  ”  l )  QkQk'Ykk' + bkk'GkAk
W h e re  Zk is the effective nu cle ar charge o f  atom  k . T h e  term  q k is the p a rtia l charge o f 
atom  k. A ls o  gkk. is Mrkk> fo r k  =£ k ' and 0 fo r  k  =  k '.  T h e  d am ping factor, dkk. is, independent o f  atom  type, 
charge, and chem ical e n viro n m e n t. F in a lly , a k, is the accessible surface tensio n, and A k is the accessible surface 
area. T h e  p artial charges are fro m  the M u llik e n  p o p u la tio n  analysis 96.
T h e  n e w  F o c k  m a trix  is thu s defined b y  F ^ v =  S G s /S P jiv  , and u sing  fixed  ykk. and Ak
yields
Eqn. l iv  F^v = F $  +  “  j )  £  £  (Z k  ~ P n 'v )  Jk'kK y kfi'Ek v y
T h is  fo rm a lism  is used fo r  b o th  A M 1-SM 2 and P M 3-S M 3  m odels, b u t the param eters are 
fu lly  optim ised  separately fo r b o th  m ethods. T h e  e rrors in  the m ethods are s till fa ir ly  h ig h , at about
0 .7 k c a l/m o l fo r  a set o f 150 neutral m olecules, and 2.6 k c a l/m o l fo r  a set o f  28 ion s. H o w e v e r, f o r  s im ila r 
system s, and especially  fo r different co n fo rm a tio n s o f  the same m olecule, the m ethods p ro vid e  essential insight
96 M u llik e n , R . S ./ .  Chem. Phys. 1955, 23, 1833.
6 8
in to  the relative so lva tio n  effects observed. T hese observations extend to investigatin g the rate o f  reactions in  
solvents 97, and to  so lv a tio n  effects w h ic h  m o d ify  chem ical e q u ilib ria , fo r  exam ple d eso lva tio n  p r io r  to a ligand  
b in d in g  to a receptor. T h is  latter exam ple fo rm s the basis fo r  the studies in  chapter 3.
_______________________A. D. Allen: Dept, of Chemistry, University of Surrey.
97 R e ic h a rd t, C .  Solvent effects in organic chemistry ( V C H ,  W e in h e im , G e rm a n y , ed. 2, 1988).
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CHAPTER 3 
CONFORM A TIONAL 
ANALYSIS OF ADRIAMYCIN
S u m m a ry : A  fu ll co n fo rm a tio n a l an alysis o f the a n th ra c y clin e  a n tib io tic  a d ria m y c in  
is reported. E le c tro n ic  co n fo rm a tio n a l p ro p erties and so lv a tio n  energies have been d eterm ined  b y  
sem i-em pirical q uan tum  m echanics. A ls o  the f le x ib ility  and ro ta tio n a l b a rrie r energies o f  k e y  
d ih e d ral angles have been investigated b y  m o le cu la r dyn am ics m ethods. T hese results have been 
clo se ly  com pared  to  p re v io u s ly  determ ined experim ental x -ra y  stru ctu ra l studies, o f  b o th  the 
intercalated and u n b o u n d  drugs o f  the a d ria m y c in  fam ily . P re v io u s studies have been correlated  
w it h  this w o r k  and the results o f th is  w o r k  indicate tw o  m ajo r co n fo rm a tio n a l states. T h e  first is 
the m ost stable and clo se ly  correspon ds to the D N A - b in d in g  co n fo rm a tio n . T h e  second, 
co rre sp o n d in g  to a rota m e r o f  the g ly co sid ic  linkage, has been s h o w n  to und ergo a concerted 
s tru ctu ra l rearrangem ent to the b in d in g  co n fo rm a tio n . T h e  w o r k  in  th is chapter proposes that, as 
the d rug  approaches the D N A - b in d in g  co n fo rm a tio n , it becom es m o re  e nergetically  stable and 
less solvated. T h e  n o n -b in d in g  co n fo rm a tio n  o f  a d riam ycin  is stabilised b y  w e ak in te rn a l 
h y d ro g e n  b o nd in g . T h e  results presented p ro v id e  a general basis fo r  fu rth e r m o le cu la r design o f  
m ore poten t derivatives o f  these drugs.
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A bbreviatio ns:-
A D R
A N G
D N A
ST#
SP#
A d ria m y c in  
A n g io g e n in  
D e o x y rib o n u c le ic  acid 
S tatio n ary p o in t  n u m b e r # 
Saddle p o in t  n u m b e r #.
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3 Conformational Analysis O f Adriamycin
T h is  pro je ct prop oses a d ria m y c in 35 (1), see figure 15 w h ic h  intercalates to D N A 45,46 to be a 
p o ten tia l in h ib ito r  to an giogenin ( A N G ).  In  the in tro d u c tio n , the b in d in g  an d  in te ra ctio n  o f  th is d ru g  to 
D N A ,  and D N A  re p a ir p ro te in s w ere discussed. T h e  aim  o f  the stu d y presented in  th is  chap ter is to determ ine 
h o w  a d ria m y c in  A D R  m a y  sim u lta n e o u sly  interact w it h  b o th  a n u cleotid e target an d  a p ro te in  target. T h e  
c o n fo rm a tio n  o f the drug is analysed clo se ly  and the ro u te  o f a concerted c o n fo rm a tio n a l change p r io r  to 
b in d in g  is presented.
F ig u re  15 A d ria m y c in : S h o w in g  the aglycone B C D  rings, a n ch o r A -rin g , and am in o  sugar. 1 - A d ria m y c in ; 2 - 
4 '-io d o -4 '-d e o xy d o x o ru b ic in .
3.1 METHODOLOGY
Several m ethods have been e m plo yed  w it h in  th is p a rtic u la r stud y, and each lends som e 
in fo rm a tio n  to the o ve ra ll analysis. Several m ethods w ere used in  o rd e r to b u ild  u p  a m o re  detailed 
u n d e rsta n d in g  o f the w a y  in  w h ic h  the d ru g  A D R  m ay interact w ith  ce llu la r targets. T hese m ethods w h e n  used 
in  c o n ju n c tio n  have aided the stu d y  o f  specific co n fo rm a tio n al features and the general f le x ib ility  o f  the drug. 
T h e  fo llo w in g  sections p ro v id e  details o f  h o w  each o f  the m ethods w as used.
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3.1.1 Semi-Empirical Molecular Orbital Methods
S o m e m o lecu lar  system s have co n fo rm a tio n a l effects w h ic h  are in flu en ced  b y  c o m p lex  
conjugated 7t-orbitals. Such sy stem s inc lu de  q u in o n es, arom atic  rings and  o th er  unsaturated  organic  m o lecu les . 
M olecu lar m ech anics does n o t  express m olecu les  in  term s o f  a n u cleus and  su rrou n d in g  e lectron s, th u s  
e lectron ic  effects are n o t  easily  m o d elled  u sin g  th ese  m eth od s. M olecu lar  m ech an ics can accu rately  rep rod uce  
m any system s w h ic h  have Tt-bonded orb ita ls, bu t th e  m eth o d  is less e ffective  w h en  a co n ju g a tio n  o f  7i-orbitals is 
expected . T o  stu d y  th ese  ty p es o f  system s, it is better  to  use a m olecu lar  orb ital m eth o d . In  th is chapter, a 
conjugated q u in o n e  sy stem  has been  studied . T h e  sem i-em pirical package A M S O L 98 w as used to  generate gas 
phase co n fo rm a tio n s. T h e  package also p rovides a m e th o d  to  calculate aqueous in tera ctio n  en thalp ies fo r  th e  
generated gas phase structures. T h e  package co u ld  be used  to  generate geom etr ies un d er  th e  in flu en ce  o f  an  
aqueous reaction  field , bu t th e  c o m p le x ity  o f  ca lcu lations co u p led  w ith  th e  size  o f  th e  sy stem s un d er  stu d y  
m akes th is rou te  im practical. F o r  sm aller system s w ith  up  to  25  a tom s aqueous geom etr ies co u ld  be pred icted .
3.1.1.1 Building A  Structure
T h e  generation  o f  g eo m etry  o p tim ised  structures u sin g  e ith er  A M I 82 or P M 3 83,84 param eter  
sets fo llo w s th e  sam e proced ure. T h e  a to m ic  co-ord inates o f  A D R  w ere  generated in  In sigh t II u sin g  th e  bu ild er  
m od u le , and w r itten  to  a file  in  C artesian  space (B io sy m  .car). A  sim p le  C  program  w as used  to  extract th e  
co-ord inates and generate an in p u t file  fo r  A M S O L . T h e  co-ord inates are operated  u p o n  b y  th e  o p tim isa tio n  
routines o f  A M S O L , w h ic h  o v er  a series o f  ca lcu lations led  to  a q u antu m  m ech an ica lly  generated g e o m etr y  o f  
the m o lecu le . T h is m e th o d  operates o n  an e lectro n ic  level, th erefore th e  nuclear co -ord in ates and e lectro n ic  
structure are o p tim ised  co n cu rren tly . T h u s, e lectro n ic  based p roperties su ch  as m o n o p o la r  charges, d ip o le  
m o m en t, io n isa tio n  en erg y  and  heat o f  fo rm a tio n  can be derived.
98 C ram er, C . J.; L y n ch , C.; T ruhlar, D . G .; A M S O L , Q u a n tu m  ch em istry  program  exch ange p rogram  n o . 
606, Q C P E , Indiana U n iv e r s ity , B lo o m in g to n , IN , v ersion  3 .0 .5 , 1992, based o n  A M P A C -v ers io n  2.1  b y  
L iotard , D . A .; H ea ly , E . F .; R u iz , J. M .; and  D ew er , M . J. S.;
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A  structure and th erefore  an in p u t file  fo r  th e  A M S O L  p rogram  m u st b e  w r itte n  before  
a n y  ca lcu la tions can be p erform ed . T h ere  is n o  fix ed  order in  w h ic h  th e  a tom s m u st appear in  th e  in p u t file; 
h o w ev er , th e  order in flu en ces th e  w a y  in  w h ic h  th e  ca lcu lations are p erform ed . T h e  standard fo rm  fo r  th e  
in p u t is to  use  p o la r  co -ord in ates, also term ed  in tern al co-ord inates. T h is  form at p o s it io n s  su b seq u en t a tom s  
based o n  th e  p o s it io n  o f  ex istin g  atom s. T h is  leads to  th e  generation  o f  a z-m atrix:-
1 . T h e  first a to m  is p laced  at th e  or ig in , (0,0,0).
2 . T h e  d istance fro m  th e  first a to m  to  th e  seco n d  a to m  is determ ined , and  th e  se c o n d  a to m  is p laced  o n  
th e  x-axis at th e  ca lcu lated  d istan ce fro m  a to m  1.
3. T h e  th ird  a to m  is p laced  in  th e  p lane z = 0 ,  and it's p o lar co-ord in ates are th e  d istan ce to  th e  seco n d  
a to m , and th e  angle fro m  th e  th ird  a to m  th ro u g h  th e  seco n d  a to m  to  th e  first a tom .
4. T h e  fo u r th  a to m  has p o la r  co-ord in ates determ in ed  as th e  d istance to  th e  th ird  a to m , th e  angle th o u g h  
th e  th ird  a to m  to  th e  seco n d  a to m , and th e  dihedral angle fo rm ed  fro m  itse lf to  th e  th ird , se c o n d  and  
first a tom s.
5. T h e  co -ord in ates fo r  su b seq u en t a tom s are calculated  as a d istan ce, and angle and  a d ihedral angle  
fo rm ed  to  a tom s that have a lready been  p o s itio n ed .
T h e  q u a lity  o f  th e  z-m atrix  in flu en ces th e  re lia b ility  o f  th e  ca lcu la tion s p erfo rm ed . T h e  
best z-m atrices have all d istance, angle and dihedral co-ord inates as actual b o n d in g  co -ord in ates. T h erefo re  th e  
m o lec u le  m u st be b u ilt a to m  b y  a to m , th u s ensu ring  that each su bseq uent a to m  added is b o n d ed  to  an a to m  
th at is already part o f  th e  structure. T h is  m eans that th e  m o lecu le  sh o u ld n 't  be b u ilt  u sin g  pre-designed  
fragm ents, as th e  order that th e  a tom s appear in  th e  fragm ents m a y  n o t  be th e  order  in  w h ic h  th e y  are b on d ed . 
O n c e  b u ilt th e  sy stem  can b e  ro u g h ly  o p tim ised  a n d /o r  set to  th e  c o n fo r m a tio n  that w il l  be  stu d ied . 
A lth o u g h , sem i-em pirica l m eth o d s p erfo rm  g e o m e tiy  o p tim isa tio n  o f  nuclear co -ord in ates, th e y  still fall p ro n e  
to  fin d in g  th e  c losest loca l m in im u m . O n c e  th e  m o lecu le  has been  b u ilt to  th e  correct c o n fo r m a tio n  to  be  
stu d ied , it  is u sefu l to  d isorder th e  sy stem  s lig h tly  before  su b m ittin g  th e  structure to  th e  sem i-em ip ica l 
ca lcu la tion s. T h e  d isorderin g  perturbs th e  structure and  th u s gives th e  g eo m etry  o p tim isa tio n  ro u tin es in  th e
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sem i-em pirical co d e  so m e th in g  to  w o r k  on . M ore  o ften  than  n o t  th is leads to  a q u ick er co n v ergen ce  o f  th e  
o p tim isa tio n . A  g o o d  m e th o d  o f  p erturb ing  th e  structure is to  run a sh ort d y n am ics ca lcu la tion  o f  a 
p ico -secon d  or  so , d ep en d in g  o n  th e  size  and flex ib ility  o f  th e  m olecu le .
3.1.1.2 Semi-Empirical Geometry Optimisation
T h ere  are several d ifferent routines available in  A M S O L  that o p tim ise  th e  nuclear  
co-ord inates o f  a g iven  sy stem . T h e  default m e th o d  is th e  D av id o n -F le tch er-P o w ell m eth o d , based o n  th e  
B F G S99 100 a lgorith m . T h is  a lg o rith m  tests fo r  convergen ce  b y  (a) p red icting  if  there is a sign ifican t to ta l change  
in g eo m etry  for  th e  n ext iteration ; (b) see in g  if  th e  to ta l o f  all gradient co m p o n en ts  is b e lo w  a p red eterm in ed  
cut-off; (c) d e term in in g  if  th e  relative change in  co-ord inates o v er  th e  last tw o  iteration s is b e lo w  a g iven  
cut-off; (d) seein g  if  th e  calculated  heat o f  fo rm a tio n  has changed sign ificantly; and (e) ch eck in g  if  all ind iv idu al 
gradient co m p o n e n ts  are b e lo w  a g iven  cu t-off. T h ese  c o n d itio n s  are check ed  u n til fu ll co n v ergen ce  occu rs. I f  
the m eth o d  fails th en  a d ifferen t starting g eo m etry  sh o u ld  be tr ied  u n til th e  m e th o d  converges. If th e  gradient 
after convergen ce  in  greater that 5 kcal m ol'1 A' 1 th en  th e  convergen ce  criteria can be reduced  b y  use  o f  th e  
k ey w o rd  P R E C ISE . T h is  sh o u ld  reduce th e  to ta l gradient to  a reasonable leve l, less th a n  5 kcal m o l'1 A*1. If  
there are still large gradient co m p o n e n ts  ( > 0 .3  kcal m ol'1 A'1) th en  th e  m eth o d  o f  P o w e ll101 can be used . T h is  
m eth o d  takes th e  nuclear co-ord in ate  m in im isa tio n  search d irection , as be ing  th e  steep est d escent tow ard s th e  
nearest sta tion ary  p o in t. C are m u st be taken  as an y  sta tion ary  p o in t  in c lu d in g  a tra n sitio n  state, en erg y  
m axim um  o r  saddle p o in t  co u ld  b e  iso lated . T h erefore  th e  gradient m ust be lo w  (under 5 kcal m ol'1 A'1) b efore  
using th is m eth o d  to  lo ca te  a m in im u m  en ergy  p o in t. A ga in  th e  use  o f  P R E C ISE  can be used  to  refine th e  
gradient co m p o n en ts . I f there are still large gradient co m p o n en ts  th en  th e  se lf-con sisten t fie ld  cu t-o ff  cr iter ion  
can be reduced to  stab ilise  th e  self-con sisten t field , thu s increasing th e  accuracy. T h e  k e y w o r d  fo r  th is  is
99 F letcher, R .; P o w e ll, M . J. D . Computer Journal 1963 , 6, 163.
too yyj q  Computer Journal 1 9 6 8 ,10, 406.
101 P o w e ll, M . J. D . Numerical methods for nonlinear algebraic equations, E d. b y  R a b in o w itz , G o rd o n  &  Breach: 
N e w  Y o rk , C h . 6 &  7 1970.
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S C F C R T = N .N N N ,  w h ere  N . N N N  is a real nu m ber. A  suggested starting va lue is 0 .0 0 0 0 1 , and  th e  v a lu e  can  
be red uced  to  1 0 11.
3.1.1.3 S.C.F. Convergence
T h e  co n v ergen ce  o f  th e  se lf co n sisten t field  fo llo w s  a series o f  a lgorithm s, starting  w ith  th e  
m o st e ffic ien t m eth o d s, and if  a se lf co n sisten t fie ld  has n o t  been  ach ieved  after 200  itera tion s, th en  th e  m ore  
c o m p lex  o n es are used. S in ce m o st o f  th ese  a lgorith m s are m u tu a lly  ex c lu sive  in  th e  w a y  th e y  w o r k , th e y  can  
be used  in  con cert. T h u s th e  last resort is to  co m b in e  th e  m eth o d s in  order to  ach ieve  a se lf  c o n sisten t field .
Oscillation Damping: T h e  d en s ity  m atrix con ta in s th e  e lectro n ic  p o p u la tio n s  o f  all 
orb ita ls in  th e  sy stem  under stu d y . If th e  p o p u la tio n  o f  an orbita l changes s ig n ifica n tly , th en  th is is reflected  in  
a change in  th e  m atrix  e lem en ts. If a m atrix  e lem en t fo r  th e  current itera tio n  is set to  change b y  m o re  th a n  0 .05  
th e n  th e  change is reduced  to  0 .05 . T h is  m eans that th e  largest change a n y  o n e  m atrix  e lem en t can m ake is 0 .05 .
Three-point interpolation of the density matrix: T h is  is th e  default m e th o d , w h ic h  is 
used  if  th e  n u m b er  o f  iteration s is d iv isib le  b y  three. T h ere  are a fe w  o th e r  c o n d it io n s  that relate to  th e  d en s ity  
m atrix . T h e  m e th o d  fails i f  there is a sign ifican t charge build-up.
Energy level shift technique: If th e  separation  o f  th e  v irtual orb ita ls fro m  th e  o ccu p ied  
o rb ita ls is v e ry  sm all or  v e r y  large, th e n  SC F  con vergen ce  p ro b lem s m a y  occu r. T h e  sim p lest m e th o d  to  
o v e rc o m e  th is p ro b lem  is to  change th e  separation  o f  th e  orbitals. T h is w a y  in tr in sica lly  d ivergent eq u ation s  
can be m ade con vergen t. T h e  m e th o d  is v e r y  usefu l if  orbitals are a lm ost degenerate.
Pulay's method:102 W h en  th e  largest change in  th e  e lem en ts o f  th e  d en s ity  m atrix  has 
d ro p p ed  b e lo w  0.1 th en  it is favourable  to  use  a F o c k  m atrix  in terp o la tio n . P u lay 's m e th o d  uses th e  fact that 
th e  e igen vectors o f  b o th  th e  d en s ity  and  F o c k  m atrices are identical at se lf-co n sisten cy , th u s [P.F] =0  at SC F. 
T h e  ex ten t to  w h ic h  th is  c o n d it io n  is n o t  m et is a m easure o f  th e  d istance fro m  se lf-co n sisten cy . T h e  m e th o d
102 P u la y , P . Chem. Phys. Lett. 1980, 73, 393.
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creates a linear c o m b in a tio n  o f  F o c k  m atrices to  m in im ise  [P.F]. T h e  rate o f  con vergen ce  o f  th is  m e th o d  is 
extrem ely  variab le bu t it does u su a lly  give results.
C a m p -K in g  C o n v e r g e r :103 T h e  last m eth o d  o f  se lf-con sisten t fie ld  convergers availab le in  
A M S O L  is th e  C am p -K ing  converger. T h is  m eth o d  evaluates a linear co m b in a tio n  o f  o ld  and  current 
e igenvectors that m in im ises th e  to ta l energy. T h e  m e th o d  is v ery  in ten sive  and is o n ly  used  i f  all o th er  m eth o d s  
have failed. H o w e v er , th o u g h  it w ill  generate a se lf-con sisten t fie ld  a lm ost every  tim e, excep t fo r  th e  m o st  
c o m p lex  o f  system s.
3.1.1.4 Solvation
T h e  m eth o d  fo r  stu d y in g  so lv a tio n  in  m olecu lar  orb ita l ca lcu lations as e m p lo y e d  b y  
A M S O L  uses a m o d ifica tio n  to  th e  F o c k  m atrix  w h ic h  treats so lv e n t as a c o n tin u u m . T h e  eq u ation s that 
describe the energetics o f  th e  e lectro n s in  th e  gas phase are retained, a long  w ith  th e ir  co rresp on d in g  param eters 
for  each e lem en t. In a d d itio n  to  th ese  fu n ctio n s extra so lv a tio n  fu n ctio n s are added to  th e  F o c k  m atrix  
e lem ents to  describe th e  in teraction  o f  so lv en t to  th e  so lu te . T h is  m o d ifica tio n  is term ed  a reaction  field , and in  
the sam e w a y  that a se lf  co n sisten t fie ld  m ust be generated for  a gas phase structure, a se lf co n sisten t reaction  
field m ust be generated  fo r  th e  so lv en t phase. A M S O L  is sp ec ifica lly  param eterised  for  aqueous sy stem s, and  
provides several param eter sets. T h e  tw o  param eter sets used  th ro u g h o u t th e  fo llo w in g  chapters are 
A M 1-SM 289 or  P M 3-S M 390. A s th e  nam es suggest th e y  are based o n  th e  A M I and  PM 3 gas phase param eter sets 
respectively . F o r  th e  stu d ies detailed  in  later chapters A M S O L  has been  used  to  stu d y  th e  so lv a tio n  effects o f  
particular co n fo rm a tio n s o f  th e  sam e m o lecu le . T h e  m eth o d  used  fo r  th is uses th e  gas phase g eo m etry  
o p tim ised  co n fo rm a tio n  o f  th e  m o lecu le . F o r  in p u t in to  th e  reaction  field  th e  m o lecu le  is th en  h eld  in  a fixed  
co n fo rm a tio n  and n o  o p tim isa tio n  o f  th e  nuclear co-ord inates is perform ed . T h e  so lv e n t in teraction s can th e n  
be o p tim ised  around  th is fixed  co n fo rm a tio n  to  y ie ld  in fo rm a tio n  sp ecific  to  that c o n fo rm a tio n . T h e  so lv a tio n  
energies p rodu ced  fro m  th is o n e  co n fo rm a tio n  can th en  be com pared  to  th e  so lv a tio n  energies o f  a n o th er  
co n fo rm a tio n , th u s sh o w in g  h o w  th e  in teraction  w ith  th e  so lv en t varies as th e  co n fo rm a tio n  o f  th e  sy stem
103 C am p, R . N .;  K ing, H . F . / .  Chem. Phys. 1981 , 75:1, 268.
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changes. T h is  stu d y  o f  adriam ycin  sh o w s that m ean ingfu l results can be ob ta in ed , th o u g h  it is n o te d  th a t an  
a q u eou s o p tim ised  g eo m etry  o f  th e  sy stem  sh o u ld  g ive  better  results.
3.1.2 Conformational Barriers
T h e  a p p lica tion  o f  exhaustive  con fo rm a tio n a l search in g  is th e  sp ec ific  in v estig a tio n  o f  o n e  
or  p o ss ib ly  tw o  co n fo rm a tio n a l variables. T h e  m e th o d  o f  exhaustive co n fo rm a tio n a l search ing w h e n  app lied  to  
a sp ec ific  co n fo rm a tio n a l case can y ie ld  p lo ts  o f  en ergy  against th e  c o n fo rm a tio n a l co-ord in ates b e in g  studied . 
T h is  n o t  o n ly  loca tes th e  lo w  en ergy  p o in ts  o n  th e  reduced  en ergy  surface, b u t a lso  th e  h ig h  en ergy  p o in ts  as 
w e ll. If there is m o re  th an  o n e  lo w  en ergy  p o in t  o n  th e  reduced PE S th en  th e  lo w e st  h ig h  en erg y  p o in t  in  
b e tw e en  th e  tw o  lo w  en erg y  p o in ts  is k n o w n  as a saddle p o in t. T h e  en ergy  at th e  saddle p o in t, w ith  respect to  
th e  lo w  en erg y  p o in ts , represents th e  a m o u n t o f  en erg y  needed  to  change th e  sy stem  fro m  o n e  c o n fo r m a tio n  
to  a n oth er . T h is  in fo rm a tio n  can be usefu l w h e n  con sid er in g  th e  a b ility  o f  a m o lec u le  to  change c o n fo rm a tio n . 
T h e  h igh er  th e  en erg y  barrier th e  less lik e ly  th e  co n fo rm a tio n a l change w ill  be.
3.1.2 .1 Steric Hindrance Problems
T h ere  are add ition a l p ro b lem s associated w ith  th is fo rm  o f  c o n fo rm a tio n a l search ing. T h e  
m ain  o n e  is that sin ce  all o th er  co n fo rm a tio n a l param eters are a llo w ed  to  vary , steric  h in drance can cause  
a rtific ia lly  h ig h  energies fo r  so m e  o r  all data p o in ts . F o r  exam ple, i f  w h e n  a d ihedral angle is ro ta ted  an d  b o th  
ends have b u lk y  groups, it  is p o ss ib le  fo r  th e  a to m s at o n e  end to  co llid e  w ith  th e  a tom s at th e  o th er  end . F o r  
th is  reason  a relaxation  o f  all o th er  c o n fo rm a tio n a l param eters can be d o n e. T h is  relaxation  in v o lv es  a 
m in im isa tio n  p rocess o f  so m e  k in d . In  th is s tu d y  th e  steric  in teraction s w ere  so  h ig h  th at a d y n a m ics ann ealing  
m e th o d  had to  b e  used  in  order to  relax th e  sy stem . T h e  fu ll a lgorithm  is deta iled  b e lo w .
1. Set up  th e  en v iro n m en t, d ie lectric, n o n -b o n d  cut-off, etc.
2. D e f in e  th e  tw o  dihedral angles to  be varied , P H I  and PSI.
3. F ix  P H I  and  P SI su ch  that th e y  are n o t  inc lu d ed  in  th e  en ergy  ca lcu la tion s, and  rem ain  at fix ed  values  
fo r  th e  d u ration  o f  a n y  m in im isa tio n  or  dynam ics.
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4. Set b o th  d ihedral angles to  -36° degrees.
5. In crem ent P H I b y  36 degrees.
6 . In crem ent PSI b y  36 degrees.
7. M in im ise  strain  energy . T h is  is required before an y  d yn am ics to  reduce th e  risk  o f  th e  sy stem  
b eco m in g  u n stab le  d u e to  large p o ten tia l energy  co m p o n en ts . A  series o f  three m in im isa tio n  
algorithm s is used; firstly  steep est descents to  reduce th e  gradient to  un der 5 kcal m o l'1 A'1; th en  
F letch er  - R eeves conjugate  gradients to  bring th e  gradient to  under 0.1 kcal m ol'1 A'1; and fin a lly  a 
quasi N e w to n  R a p h so n  (BFG S) m e th o d  to  refine th e  structure and  reduce th e  gradient to  b e lo w  0 .001  
kcal m o l'1 A 1.
8 . D y n a m ics  eq u ilib ra tio n . T h is  uses th e  leapfrog a lg orith m  fo r  2 ps to  a llo w  th e  sy stem  to  partia lly  relax  
to  a tem p erature bath  set at 300 K elv in . T h is  a llo w s so m e  o f  th e  p oten tia l en erg y  in  th e  sy s tem  to  be  
con v erted  in to  k in etic  energy .
9. Sam ple co n fo rm a tio n a l space. T h e  dyn am ics w as co n tin u ed  fo r  a further 500 ps, w ith  th e  tem p erature  
held  co n sta n t at 300  K elv in . A  sn ap sh ot o f  th e  structure w as saved ev ery  5 ps, to  g ive  a to ta l o f  100 
sam p le structures. T h e  lo n g er  tim e  scale is used  in  preference to  a h ig h  tem p erature c o n fo rm a tio n a l  
search due to  th e  in sta b ility  o f  th e  constra ined  sy stem  at h igh er tem peratures.
10 .L ocate  th e  lo w e st  en erg y  con fo rm er . E ach o f  th e  sam p led  structures fro m  step  11 are m in im ised  u sin g  
th e  m eth o d  in  step 9. T h e  100 starting p o in ts  for  th ese  m in im isa tio n s p ro v id e  a v e r y  g o o d  sam p lin g  o f  
th e  p o ten tia l en erg y  surface, and thu s p ro v id e  m a n y  lo w  en ergy  conform ers.
11.R ecord  P H I , PSI and energy .
12.If PSI is less th an  3 6 0 °  th e n  lo o p  back to  step  6 .
13 .If P H I is less th an  3 6 0 °  th en  lo o p  back to  step  5.
T h e  m a jority  o f  th e  data p o in ts  calculated usin g  th is  m e th o d  p ro v id e  a set o f  reasonable  
lo w  energy  co n form ers. A  fe w  o f  th e  h ig h ly  strained starting structures ran in to  in tegration  errors and  becam e
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un stab le . T h ese  data p o in ts  represent areas o f  v e r y  h ig h  energy  o n  th e  PE S and th erefore  do  n o t  co n tr ib u te  to  
th e  in terp reta tio n  o f  th e  overall data. F o r  th ese  p o in ts  an estim ate o f  th e  strain  en erg y  is p ro d u ced  based u p o n  
th e  en erg y  o f  th e  su rrou n d in g  nearest n e ig h b o u r  p o in ts , and th e  lim ited  data c o llec ted  fr o m  th e  sam p led  
d y n am ics. T h e  en tire  process w as sem i-autom ated  and w r itten  in to  a D isc o v e r  C o m m a n d  L anguage (D C L ) 
m acro .
3.1.3 Flexibility Analysis
R ig id ity  is e ssen tia lly  a m easure o f  th e  in flex ib ility  o f  a sy stem , th u s, th e  m eth o d s used  are 
d y n a m ic  in  nature. M o st use  a m olecu lar  m ech anics approach, w h ere  th e  sy stem  is a llo w ed  to  f lex  and  m o v e . 
In  order to  determ in e  th e  sign ifican ce o f  these  co n fo rm a tio n a l flex ings a t im e  scale m u st b e  used . F o r  th is  
reason m o lecu lar  dyn am ics, as o p p o se d  to  M o n te  C arlo  dyn am ics m eth o d s, are u tilised . W h e n  a sy stem  
un d ergoes co n fo rm a tio n a l flex in g  th e  m o lecu lar  v ibration al m odes are v e ry  c o m p lex  and  o ften  d ifficu lt to  
in terp ret in  an overall sense. T h e  m o d es o f  v ib ra tio n  m ust therefore  be b ro k en  d o w n  in to  th e ir  co n stitu e n t  
parts and analysed  o n  an appropriate tim e  scale.
3.1.3.1 Time Scale Considerations
F o r  th e  s tu d y  o f  r ig id ity  tim e  depend en ce is necessary, to  d eterm in e  th e  len g th  o f  t im e  
n eeded  fo r  a g iven  co n fo rm a tio n a l change to  occu r. T h e  lo n g er  th e  tim e  needed  to  c o m p le te  th e  
c o n fo rm a tio n a l change, th e  m o re  rigid  that change is. T o  try  and ascertain h o w  stab le  o r  rigid  a co n fo r m a tio n  
o f  a sy stem  is, m o lecu lar  dyn am ics runs o f  up to  nan osecon d s can be perform ed . F o r  larger sy stem s, th e  
p o ssib le  t im e  scale o f  th e  dyn am ics sim u la tio n s sh o rten  and for  large p ro te in s th e  sim u la tio n s w o u ld  be lim ited  
to  th e  ps t im e  scale. H ig h  freq u en cy  m od es o f  v ib ration s, su ch  as b o n d  stretches and angle b en d in g , are easily  
s im u la ted  and o ccu r  o v er  several fem to -seco n d s, th erefore  as before dyn am ics s im u la tio n s o f  a fe w  p ico -seco n d s  
w ill  su ffice . D ih ed ra l co n fo rm a tio n a l changes o f  sm all u n h ind ered  su b stitu en ts are a lso  easily  m o d e lle d  w ith  
t im e  scales app roach in g  th e  p ico -seco n d  m ark, thu s so m ew h a t longer  d y n a m ics sim u la tio n s o f  10 p ico -seco n d s  
are adequate. F o r  system s su ch  as saturated six -m em b ered  rings, th e  t im e  scale fo r  a c o n fo rm a tio n a l change  
increases to  th e  m illiseco n d  to  seco n d  range and  is n o w  o u t o f  th e  sco p e  o f  m olecu la r  d y n a m ics to  sim ulate .
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T h e  freq u en cy  at w h ic h  th e  structure is observed  is v ery  im p ortan t. I f  co n fo rm a tio n a l  
changes occu rrin g  o n  a 10 to  100 p ico -seco n d  scale are o f  in terest a sam p le rate o f  1 fem to -seco n d  w ill  n o t  be  
v ery  usefu l. So it is im p o rta n t to  ta ilor  th e  sam p le rate o f  a d yn am ics run to  th e  t im e  scale o f  co n fo rm a tio n a l  
changes that are be ing  stu d ied , id ea lly  being  a b ou t an order o f  m agn itud e sm aller th an  th e  t im e  scale o f  in terest. 
T his n o t  o n ly  s im p lifie s th e  analysis, bu t a lso  reduces th e  storage requirem ents o f  th e  s im u la tio n . Id ea lly  th e  
len gth  o f  a dyn am ics run sh o u ld  be lo n g  e n o u g h  to  fu lly  sam ple th e  co n fo rm a tio n a l param eter that is be ing  
studied . T h erefore  th e  dyn am ics run  sh o u ld  be at least tw e n ty  or  ev en  f if ty  tim es th e  len g th  o f  th e  
con form ation a l change being  stud ied . T h is  m eans that if  th e  o n ly  con fo rm a tio n a l changes th at are b e in g  
studied  o ccu r  o n  a 10-100 ps t im e  scale, th e  to ta l len g th  o f  th e  d yn am ics run sh o u ld  be o f  th e  order o f  
2000-5000 ps o r  2-5 n an o-secon ds.
3.1.3.2 Temperature Considerations
A s th e  tem perature is increased, th e  en ergy  w ith in  th e  sy stem  increases, and  th erefore  
higher con fo rm a tio n a l barriers can be o v erco m e. T h e  lim it to  th e  tem perature that can be used  depend s v e r y  
m uch u p o n  th e  freq u en cy  o f  th e  v ib ration a l changes that th e  sy stem  exh ib its. It is im p o rta n t to  n o te  that th e  
in tegration  error due to  raising th e  tem perature is b y  far o u tw eig h ed  b y  in tegration  errors d u e to  th e  t im e  step  
used. F o r  th is reason  h ig h  tem p erature d yn am ics studies sh o u ld  use a sh orter  t im e  step . T h is  preven ts th e  
system  fro m  sh ak ing  itse lf  apart and breaking bon ds. It is th erefore necessary to  carefu lly  co n sid er  th e  
tem perature range fo r  th e  dyn am ics run  being  p erform ed . F o r  th e  sy stem  stu d ied  in  th is  chapter, a tem p erature  
c lose  to  b io lo g ica l (3 7 °C , 3 1 5 °  K elvin) has been  used. T h is sam ples th e  sy stem s as th e y  w o u ld  be in  th e  h u m a n  
b o d y , a lth o u g h  o th er  en v iro n m en ta l consideration s su ch  as so lv en t are m ore  d ifficu lt to  m o d el.
3.1.3.3 Environm ental Concerns
It is p ossib le  to  im p o se  en v iron m en ta l constra ints u p o n  th e  sy stem  un der stu d y . T h e  
prob lem s here are that as th e  c o m p lex ity  o f  th e  en v iron m en ta l constra ints increases, so  does th e  lev e l o f  
com p u ta tio n . T h is lim its  th e  len g th  o f  th e  dyn am ics runs that can be sim ulated , and  th erefore  ap p ro x im a tio n s  
and sh ort cuts need  to  be used  for  lon ger  s im u la tion s. T h e  m o st im p ortan t en v iro n m en ta l co n cern  is th at o f  
so lven t, and th e  effects that so lv a tio n  produ ce . F o r  b io log ica l app lication s an aqu eou s en v iro n m en t can be
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m o d e lle d  b y  ex p lic it w ater  o r  m o re  s im p ly  b y  an e lectrostatic  dam p en in g  b y  use o f  a relative  d ie lectric  
co n sta n t o f  80. T h e  ex p lic it w a ter  s im u la tio n s need  to  be d on e in  a p er io d ic  b o x , w h ere  m o lecu les  that d iffuse  
o u t o f  th e  b o x  appear o n  th e  o th er  side as gh o st im ages, thu s preserving th e  pressure and d en s ity  o f  th e  system . 
T h ese  p er io d ic  system s require considerab le  co m p u ta tio n a l resource and  th erefore  th e y  have n o t  been  used  fo r  
r ig id ity  s im u la tion s . Instead a d ie lectric  con stan t o f  80 has been  used , w h ic h  causes a d am p en in g  e ffect o f  th e  
C o u lo m b ic  n o n -b o n d in g  in teraction s. A lth o u g h  th is does n o t  s im u la te  th e  structural effects o f  w a ter  it  does, to  
so m e  ex ten t, sim u la te  th e  effects o f  charge dam pen ing.
3.2 SEMI-EMPIRICAL RESULTS
F o u r  sem i-em pirical g eo m etry  op tim isa tio n s have b een  co m p leted  to  d eterm in e  th e  
e lec tro n ic  p roperties, and  g e o m e tiy  o f  A D R  (1). T h e  g ly co sid ic  lin kage fo rm s th e  basis fo r  th e  m o st  sign ifican t 
c o n fo rm a tio n a l changes th at A D R  can un d ergo . T h e  co n fo rm a tio n  o f  th is  lin k age  can lead  to  tw o  d istin ct sets 
o f  sta tion ary  p o in ts . T h e  fo u r  studies co m p leted  u sin g  sem i-em pirical m eth o d s , s tu d y  A D R  u s in g  tw o  
param eter sets A M I and P M 3. F o r  each m e th o d  th e  tw o  m ajor sta tion ary  p o in ts  S T l  and  ST 2, determ in ed  
later u n der th e  p h i-p si p lo t  o f  th e  g ly co s id ic  linkage, w ere  used  as in itia l starting p o in ts .
T h e  fina l co n fo rm a tio n s o f  th e  fo u r  geo m etry  o p tim ised  structures, see  figure 16, are 
d ep en d en t u p o n  th e  starting co n fo rm a tio n  used , and to  a lesser ex ten t u p o n  th e  param eter sets used. T h e  
co n fo rm a tio n a l results are p resen ted  in  tab le 3 and th e  final m ax im u m  gradient c o m p o n e n ts  o f  th e  g eo m etry  
o p tim isa tio n s  are su m m arised  in  tab le 2. T h e  first set o f  calcu lations stayed  w ith in  th e  loca l en erg y  m in im u m  
ST2; th e  seco n d  set se ttled  in to  th e  global en erg y  m in im u m  S T l.
M a x im u m  gradient c o m p o n e n t A M I P M 3
B on d s (k ca l/A ) 0.01 0 .1 4
A n g les (kcal/radian) 0.03 0 .32
D ih ed ra ls (kcal/radian) 0 .04 0 .14
T ab le  2 Su m m ary  o f  m ax im u m  gradient co m p o n e n ts  fo r  th e  g e o m e tiy  o p tim isa tio n  o f  A D R  u sin g  th e  
sem i-em pirica l m eth o d s o f  A M I and  P M 3.
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angle (B C D )a \|/ (0 4 -M e )b V (C 7 -0 7 )c t|/ ( 0 7 - C l ’) d
C ry sta l s tr u c tu r e s
intercalated  system s 178.8 ±  0 .7 ° -175.3 ±  5 .0 ° 9 5 .0  ±  12 .7° -82.1 ±  13 .4°
u n b o u n d  sy stem s 174.3 ±  5 .6 ° -178.3 ± 5 .6 ° 133.6 ±  2 6 .8 ° e -75.5  ±  8 .4 ° e
S em i-em p ir ica l s tr u c tu r e s1
A M I - S T l 163 .8° 101 .9° -4 0 .0 ° -8 3 .3 °
PM 3 - S T l 161 .1° 167 .3° -4 0 .0 ° -7 5 .0 °
A M I - ST 2 170 .8° 176 .8° 107 .3° -1 6 7 .4 °
PM 3 - ST 2 1 68 .8° 178 .3° 86.0 ° -151 .7°
M o le cu la r  D y n a m ic s
100 ps run 176.8 ±  2 .1 ° -177.3 ±  52 .7 ° 9 5 .6  ±  18 .7° -100 .4  ±  2 8 .1 °
1000 ps run 177.3 ±  1 .8° 179.2 ±  4 7 .9 ° 96 .4  ±  14 .7° -90.4  ±  2 1 .1 °
T able 3 S h o w s a su m m a ry  o f  th e  co n fo rm a tio n a l features fo u n d  in  x-ray  crysta llograp h ic  data o f  related  
anth racycline drugs. A ll  drugs com pared  had an a m in o  sugar, a lth ou gh  so m e  lacked  th e  m e th o x y  group at C -4. 
T h e data presented  is (a) th e  b en d  o f  th e  a g ly co n e  cen tred  at th e  q u in on e, (b) th e  d ihedral angle o f  th e  m e th o x y  
group at th e  C-4 p o s itio n , (c) th e  first d ihedral angle o f  th e  g ly co sid ic  linkage a b ou t th e  b o n d  C 8 -C 7 -0 7 -C 1 '  
and (d) th e  seco n d  dihedral angle o f  th e  g ly co sid ic  linkage ab ou t th e  b o n d  C 7 - 0 7 - C l ' - 0 .  (e) C am bridge  
database106 reference V U G V U O  has a d ifferent a m in o  sugar com p ared  to  all th e  o th er  sy stem s, th e  data is 
therefore presented  w ith  th is structures g ly co sid ic  co n fo rm a tio n a l data rem oved , (f) S T l  and  ST 2 refer to  th e  
c o n fo rm a tio n  o f  th e  g ly co s id ic  lin kage in  th e  starting structures.
3.2.1 Conformation Of The Aglycone
T h e  co n fo r m a tio n  o f  th e  a g lycon e sh o w s a b en d  due to  co n ju g a tio n  effects o f  th e  q u in o n e  
in all four structures. H o w e v e r  th e  degree o f  b end ing  is m o d ified  b y  th e  relative p o s it io n  o f  th e  am in o  sugar. 
T h e  first set o f  ca lcu lations, w ith  th e  g ly co sid ic  linkage in  th e  ST 2 co n figu ration , A M I and P M 3, figures 16a 
16b respectively , pred ict th e  a g ly co n e  b en d in g  to  b e  in  o p p o site  d irection s. A M I  has th e  b en d  su ch  that th e  
D -ring is cu rvin g  tow ards th e  a m in o  sugar, and P M 3 has it curvin g  aw ay. B o th  o f  th ese  structures pred ict a 
bend o f  just under 2 0 °  o u t  o f  p lane. F o r  th e  seco n d  set o f  ca lcu lations, w ith  th e  g ly co s id ic  lin kage set at S T l ,  
A M I, figure 16c, and P M 3, figure 15d, are in  agreem ent. B o th  pred ict th e  D -r in g  cu rvin g  aw ay fro m  th e  a m in o  
sugar. T h e  m agnitude o f  th e  o u t  o f  p lane b en d  is also in  agreem ent, and is reduced to  arou n d  10° fo r  th is
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c o n fo rm a tio n . T h is  correctly  reproduces th e  bends seen  in  th e  se lected  x-ray structures w h ic h  have bends in
16 Stereodiagram  o f  (a) A M I - 1st run. C o n fo rm er  ST2; (b) PM 3 - 1st run. C o n fo rm er  ST2; (c) A M I  - 2 n d  run. 
C o n fo rm e r  S T l;  (d) P M 3 - 2 n d  run. C o n fo rm er  ST 2.
3.2.2 Conformation Of The C4-Methoxy Group
T h e  m e th o x y  group at th e  C-4 p o s itio n  is in  th e  p lan e o f  th e  D -r in g  fo r  m o st  o f  th e  x-ray  
structures studied . W ith  th e  g ly co sid ic  lin kage in  co n fo rm a tio n  S T l ,  b o th  A M I  and P M 3 also  have th e  
m e th o x y  group p o s it io n ed  in-p lane w ith  th e  D -r in g . W ith  th e  g ly co sid ic  lin kage in  th e  ST 2 co n fo r m a tio n , 
b o th  A M I  and P M 3 sh o w  th e  m e th o x y  group o u t  o f  p lane o f  th e  D -ring .
3.2.3 Conformation Of The Hydroxyl Groups
B o th  A M I and P M 3 agree o n  th e  p o s it io n  o f  th e  h y d ro x y l groups at C -6  and C - l l ,  fo r
b o th  starting p o in ts . F o r  th e  first set o f  ca lcu lations starting w ith  th e  g ly co s id ic  lin kage at ST 2 th e  C-6  
h y d ro x y l h y d ro g en  b on ds w ith  th e  ca rb on y l at C -12 and th e  C - l l  h y d ro x y l group p o in ts  a w a y  fro m  th e
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carb onyl at C -5. N e ith e r  A M I or  PM 3 sh o w  th e  p o ss ib ility  o f  a h y d ro g en  b o n d  in tera ctio n  o f  th e  C -9  
h y d ro x y l w ith  th e  0 - 7  p o s it io n . F o r  th e  seco n d  set o f  ca lcu lations w ith  th e  g ly co sid ic  lin kage at S T l ,  b o th  th e  
C-6 and C - l l  h y d ro x y l groups h y d ro g en  b o n d  w ith  th e  adjacent carb on y l groups at C-5 and C -12 resp ectively . 
T h e h y d ro x y l group at C -9 is n o w  in  a h y d ro g en  b o n d in g  p o s itio n  w ith  0 - 7  o f  th e  g ly co s id ic  linkage.
3.2.4 Thermodynamic Properties
T h e  sem i-em p ir ica lly  derived th erm o d y n a m ic  p roperties o f  th e  fo u r  sets o f  ca lcu la tions are 
presented in  tab le 4 . T h ese  sh o w  that for  b o th  starting co n fo rm a tio n s th e  to ta l en ergy  o f  th e  so lv a ted  drug  
rem ains a b ou t th e  sam e. T h e  to ta l en ergy  decreases g o in g  fro m  th e  ST 2 co n fo rm er  to  th e  S T l  co n fo rm er  b y
0 .4  and 1.6 k c a ls /m o l fo r  A M 1-SM 2 and P M 3-SM 3 respectively . A s th e  drug changes co n fo rm a tio n  g o in g  fro m  
the ST 2 to  th e  S T l  c o n fo rm er  there is a change in  th e  to ta l en ergy  c o n tr ib u tio n  due to  th e  so lv en t. T h is  
change ind icates that th e  drug is less so lv a ted  in  th e  S T l co n fo rm a tio n , th u s increasing th e  p r o b a b ility  th at th e  
drug w ill  be ab le to  d eso lvate  and  intercalate w ith  th e  D N A .
ST 2 C o n fo rm a tio n S T l  C o n fo rm a tio n difference (S T l - ST 2)a
E nergies (k ca l/m o l) A M 1-SM 2 PM 3-SM 3 A M 1-SM 2 PM 3-SM 3 A M 1-SM 2 PM 3-SM 3
A H f (g) -244.5 -227.3 -264.3 -238.0 -19.8 -10.7
A G P (aq) -69.5 -73.7 -52.0 -66.8 17.4 6.8
A G cds (aq) -16.8 -17.1 -14.9 -14.7 1.9 2 .4
A G solv (aq) -86.3 -90.8 -66.9 -81.5 19.4 9 .2
A G tot (aq) -330.8 -318.0 -331.2 -319.6 -0.4 -1.6
T able 4 T h erm o d y n a m ic  data fo r  adriam ycin  co n fo rm a tio n s. A H f (g) - H ea t o f  form ation ; A G P (aq) p o la r isa tio n  
free energy o f  so lva tion ; A G CDS (aq) - free en erg y  o f  ca v ity  fo rm a tio n  +  d isp ersion  +  so lv e n t structure; A G solv 
(aq) - free energy  o f  so lv a tio n ; A G TOT (aq) - to ta l en ergy  o f  th e  sy stem  [A G solv (aq) +  A H f° (g)]; (a) C h an ge in  
energies b etw een  th e  tw o  co n fo rm a tio n s.
3.3 X-RAY DATA
S o m e con fo rm a tio n a l param eters are sum m arised  in  tab le 3. T h e  m easurem ents fo r  th e  
intercalated system s are taken  from  th e  B ro o k h a v en  database, 104 105 entries llO d , ld lO , l d l l ,  l d l 2 ,  l d l 4 ,  ld 2 1 ,
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Id 22 , ld 3 3 , ld 3 5 , ld 3 6 , ld 3 7 , ld 3 8 , ld 5 4 , ld 5 8 , IdaO and 2d34. T h e  non -in terca la ted  structures are tak en  fro m  
th e  C am bridge C rysta llograp h ic  D atabase, 106 entries B A D A U N , D A U N C M , D A U N M Y , J E G E X Y , 
K IN C O Z , V U G V O I  and V U G V U O . M o st o f  th ese  system s did  n o t  reso lv e  p r o to n s , and  th u s lack ed  th e  
h y d r o x y l p ro to n s at th e  C -6 and C - l l  p o s it io n s . F o r  th is reason n o  data fo r  h y d ro g en  b o n d in g  in v o lv in g  these  
h y d ro x y ls  can be determ ined . J E G E X Y  does n o t  have th e  am in o  sugar, and V U G V U O  has a s ig n ifica n tly  
different am in o  sugar o r ien ta tio n . B ecause o f  th is, th e  dihedral angle data fo r  th e  g ly co s id ic  lin kage, in  th e  free  
non -in terca la ted  drugs, is presen ted  b o th  w ith  and  w ith o u t  th e  V U G V U O  data fo r  th e  linkage.
A s sh o u ld  be ex p ected  th e  intercalated  drugs sh o w  o n ly  o n e  co n fo r m a tio n , w ith  standard  
d ev ia tion s o f  all m easured co n fo rm a tio n a l param eters lo w e r  than  fo r  th e  free, non -in terca la ted  drugs. T h is  
reflects th e  restr ictions o n  c o n fo rm a tio n  im p o sed  b y  th e  surroun d ing  D N A  m atrix .
3.3.1 Conformation Of The C4-Methoxy Group
T h e  co n fo rm a tio n  o f  th e  C -4 m e th o x y  group in  th e  in terca lated  and u n b o u n d  drugs is 
e x c lu s iv e ly  in  th e  p lan e o f  th e  ag ly co n e, w ith  th e  m e th y l p o in tin g  in  a d irec tio n  a w a y  fro m  th e  A -r in g  en d  o f  
th e  drug.
3.3.2 Conformation Of The Aglycone
T h e  b en d  o f  th e  a g ly co n e  at th e  q u in o n e  is n o t  seen  in  a n y  o f  th e  in terca lated  drugs, w ith  
th e  angle o f  th e  B C D  rings averaging to  178.8 ± 0 .7 ° . T h is  m ay  be due to  a sh ift in  e lectro n  d en s ity  as th e  drug  
co m es u n d er  th e  in flu en ce  o f  th e  base pairs d irec tly  ab ove  and b e lo w  th e  ag ly co n e . H y d r o g e n  b o n d in g  to  th e
104 A b o la , E . E ., B ern stein , F . C ., B ryant, S. H .,  K o etz le , T . F . and W en g , J. Crystallographic databases - 
Information Content, Software Systems, Scientific Applications. D a ta  C o m m is io n  o f  th e  In tern ation a l U n io n  
o f  C ry sta llograp h y , A llen , F . H .; B ergerhoff, G .; Sievers, R . (Eds.): C am b ridge 1987.
105 B ern stein , F . C ., K o etz le , T . F ., W illiam s, G . B. J., M eyer  Jr, E . F ., B rice, M . D .,  R od gers, J. R ., K ennard,
O .,  S h im a n o u ch i, T . and T asu m i, M . J. Mol. Biol. 1977, 112, 535.
106 A llen , F . H .,  B ellard, S. A .,  B rice, M . D . ,  C artw righ t, B. A ., D o u b led a y , A .,  H ig g s , A .,  H u m m e lin k , T ., 
H u m m elin k -P eters, B . G ., K ennard, O . and M o th erw e ll, W . D .  S. Acta Cryst B. 1979, 35, 2331 .
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surroun d ing  m atrix w o u ld  reduce th e  e lectro n  d en sity  o f  th e  C -6 and C - l l  h y d ro x y l groups. F u rth er  
interaction s w ith  th e  ca rb on y ls at C-5 and C -12 w o u ld  also reduce th is effect o f  con ju gation . F o r  th e  u n b o u n d  
drugs there are tw o  d istin ct cases, th o se  that have a p ro n o u n ced  b end  and th o se  th at d o n 't. F o r  th ese  
com parisons o n e  o f  th e  structures D O T H A B IO  w as n o t  used  since its structure is s ig n ifica n tly  d ifferen t to  
A D R , and these d ifferences m a y  lead to  incorrect con c lu sio n s . O f  th e  rem ain ing  system s, tw o  have a b en d  and  
seven  d o n 't. T h e  flat system s have an average angle across th e  B C D  rings o f  177.08 +  1 .6 0 °, and th e  tw o  bent 
system s have an angle o v er  th e  B C D  rings o f  165.84 ±  4 .3 3 ° . S ince o n ly  tw o  o f  x-ray structures have bend s, 
this m akes it d ifficu lt to  fo rm  a co n c lu siv e  o p in io n . A  larger sam ple set w o u ld  be needed  to  com pare w ith  th e  
experim ental structures. H o w e v e r , b o th  sem i-em pirical structures do agree w e ll w ith  th e  tw o  u n b o u n d  sy stem s  
that sh o w  th is bend.
3.3.3 Conformation Of The Amino Sugar And The Glycosidic Linkage
T h e  c o n fo r m a tio n  o f  th e  a m in o  sugar in  th e  intercalated system s again reflects th e  order  
caused b y  be ing  b o u n d  to  th e  m in o r  g ro o v e  o f  th e  h o st D N A . T h e  dihedral angles o f  th e  g ly co s id ic  lin k age  are 
constra ined  to  be in  a d o u b le  eclip sed  co n fo rm a tio n , see figure 18. T h e  c o n fo rm a tio n  o f  th e  C 7 - 0 7  b o n d  is 
dictated  b y  steric h indrance due to  th e  b u lk y  c y c lo h e x en y l A -ring . T h is  causes th e  am in o  sugar and th e  A -r in g  
to  be in a anti form , figure 17a, w h ere  th e  am in o  sugar is forced  a w ay  fro m  th e  A -ring. T h e  seco n d  dihedral 
angle, figure 17b, o f  th e  g ly co s id ic  lin kage is su ch  that C -2 ‘ is anti, and  th e  ring o x y g e n  gauche to  th e  A -ring . 
T h e u n b o u n d  system s sh o w  m ore  varia tion  a b ou t th e  g ly co sid ic  linkage, w ith  th e  m a jority  b e in g  c lose  to  th e  
co n fo rm a tio n  seen in  th e  b o u n d  drugs.
F igure 17 C o n fo rm a tio n  o f  th e  g ly co sid ic  linkage in  th e  S T l conform er; (a) dihedral angle a b o u t b o n d  C 7 - 0 7 ,  
(b) dihedral angle ab ou t b o n d  0 7 -C 1 ' .
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3.4 GLYCOSIDIC LINKAGE
T h e  p o ten tia l en ergy  surface determ in ed  u sin g  In s ig h tll 2 .3 .5  and D isc o v e r  2 .9 .5  (PES) o f  
th e  g ly co s id ic  linkage, sh o w n  stru ctu ra lly  in  figure 19, has been  d eterm in ed  b y  m olecu la r  m ech an ics strain  
en erg y  ca lcu lations. T h e  surface, sh o w n  in  figure 18, is sh o w n  w ith  a c o lo u r  co d e  su ch  th at red is lo w  energy , 
m o v in g  th ro u g h  green, to  b lu e  at h ig h  energy . T h e  dihedral angles o f  th e  g ly co s id ic  lin kage are m easured  fro m  
th e  p o in t  o f  v ie w  o f  th e  near eclip sed  h y d rogen s at e ither end  o f  th e  linkage. S ince h y d ro g en s c o u ld  n o t  be  
r eso lv ed  in  th e  x-ray data, th e  g ly co s id ic  lin kage data w ere  m easured w ith  respect to  C 8 o f  th e  A -r in g  and  th e  
r in g  o x y g e n  o f  th e  am in o  sugar.
F igu re  19 G ly co sid ic  lin kage  o f  A D R , sh o w in g  ch o sen  dihedral angles,
3.4.1 Low Energy Stationary Points
T h ere  are tw o  large en ergy  w e lls  o n  th e  PES. T h ese  have been  n am ed  S T l  an d  ST 2. O f  
th ese  S T l ,  at [p h i =  -2 0 °, p s i = 2 0 ° ] ,  is 9 kcal m ol'1 deep and ST 2, at [p h i =  16 0 °, psi =  3 0 °], is a b o u t 4  kcal 
mol"1 deep . T h ere  are tw o  o th er  m in o r  en ergy  w e lls , ST 3 and ST 4, b u t sin ce  th ese  o ccu r  at p o in ts  that are 
a b o v e  10 kcal m o l'1 fro m  th e  lo w e st en erg y  p o in t  o n  th e  PES, th e y  w ill  n o t  be h ig h ly  p o p u la ted . T h e  m ain  
en erg y  w e ll at S T l  correspon ds to  th e  co n fo r m a tio n  fo u n d  in  th e  in terca lated  co m p lex es, and in  th e  m ajo rity  
o f  th e  free com p lexes.
T h e  sta tion ary  p o in t, ST 2, is so m e  5 kcal m ol'1 h ig h er  th a n  th is, and lies o v er  a 
co n fo rm a tio n a l en erg y  barrier o f  9 kcal m o l 1. A t  lo w  tem peratures and fro m  d y n am ics sim u la tio n s at 300  
K elv in  th ese  are th e  tw o  p red o m in a n t co n fo rm a tio n s. A n y  con fo rm a tio n a l change o f  th e  m o lec u le  w o u ld  m o st  
l ik e ly  in v o lv e  r o ta tio n  ab ou t th e  b o n d  0 7 -C 1 '  (PSI) in terchanging fro m  sta tio n a ry  states S T l  and  ST 2. A t  ST 2  
it  w o u ld  be m o re  lik e ly  that th e  n ex t co n fo rm a tio n a l change w o u ld  in v o lv e  retu rn in g  o v er  a 4 or  6 kcal m ol'1
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energy barrier back to  S T l .  T h e  rotation al en ergy  barriers abou t P H I are as h ig h  15 kcal m o l'1 fo rm in g  a m u ch  
m ore form id ab le  con stra in in g  force.
3.5 FLEXIBILITY BY MOLECULAR DYNAMICS
T h e  m olecu lar  d yn am ics s im u la tion s have been  used  to  great effect in  co n fo rm a tio n a l  
analysis. T h e  flex ib ility  o f  so m e  con fo rm a tio n a l features under d iscussion  have been  sum m arised  in  tab le  3. 
T h e co n fo rm a tio n  o f  th e  an th racyclin e  drugs has been  analysed  o ver  tw o  trajectories. T h e  first w as fo r  100 ps  
w ith  sam p lin g  ev ery  0 .2  ps. T h is y ie ld s in fo rm a tio n  o n  h ig h  freq uency  m o tio n s  and co n fo rm a tio n a l changes. 
T h e seco n d  trajectory  o f  1000 ps, sam p lin g  ev ery  1.0 ps, gives in fo rm a tio n  o f  lo n g er  m olecu lar  m o tio n s . T h e  
data acquired therefore  covers m olecu lar  m o tio n s  th at range fro m  1 ps up  to  100 ps.
3.5.1 Conformation Of The A-Ring
T h ere  w ere  n o  con fo rm a tio n a l changes seen in  th e  p u ck ering  o f  th e  A -r in g  du ring eith er  
d ynam ics run. H o w e v e r  if  th e  dyn am ics is started w ith  th e  A -ring  in  an oth er  pu ck ered  c o n fo rm a tio n  it 
q u ick ly  returns to  th e  m o re  stab le state w ith  th e  0 - 9  h y d ro x y l in  an axial p o s it io n . T h e  A -rings constra ined  
con fo rm a tio n  is ty p ified  b y  th e  dihedral angle ab o u t th e  b o n d  C-9 to  C -10. T h is b o n d  is set to  -4 3 .1 °  and  has a 
standard d ev ia tion  o f  o n ly  6 .9 ° . T h u s th ro u g h o u t 1000 ps o f  dyn am ics run th e  A -r in g  rem ained  w ith  C-9 
p o in tin g  d o w n  w ith  th e  h y d ro x y l in  an axial p o s it io n  and th e  carb on y l fu n ctio n a lity  equatorial. T h e  pend ant  
functional groups o f  th e  A -ring  are all fa irly  flex ib le , w ith  tw o  excep tion s, th e  a m in o  sugar detailed  b e lo w , and  
the C-9 to  C -13 b on d . T h is  b o n d  rem ains a lm ost ex c lu siv e ly  in  a p o s it io n  su ch  that th e  h y d ro x y l 0 - 9  to  C-9 
b on d  eclipses th e  C -13 to  C -14 b on d . T h e  dihedral angle abou t C-13 to  C -14 is flex ib le  w ith  tw o  a lm ost equa lly  
pop u la ted  states at ±  9 0 ° . T h e  h y d ro x y l attached to  C -14 sh o w s a lm ost c o m p le te ly  free ro ta tio n , w ith  three  
states correspon d ing  c lo se ly  to  th e  anti and gauche co n form ation s.
3.5.2 Conformation Of The Glycosidic Linkage
T h e  g ly co s id ic  linkage to  th e  am ino  sugar has a lo w  degree o f  f lex ib ility  and  rem ains in  th e  
m ain S T l co n fo rm a tio n . T h e  a m in o  sugar itse lf is even  m o re  rigid  than  th e  A -ring. T h e  h igh est degree o f
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dihedral flex in g  occu rs in  th e  b o n d s to  th e  ring o x y g e n  w h ere  a standard d ev ia tio n  o f  o n ly  5 .4 °  degrees is seen. 
F o r  b o th  dyn am ics trajectories, th e  d ihedral angles o f  th e  g ly co sid ic  lin k age  fall w ith in  th e  range o f  
exp erim en ta l data.
3.5.3 Conformational Analysis Of The Hydroxyl Groups
T h e  B -ring h y d ro x y l groups are also v e ry  flex ib le , b u t th e y  o sc illa te  b e tw een  tw o  
h y d ro g en  b o n d in g  p o s it io n s . T h e  C -6 h y d r o x y l sw itch es b etw een  th e  adjacent ca rb o n y l and 0 - 7  o f  g ly co sid ic  
lin kage  o n  average ab o u t o n c e  ev ery  120 ps. T h e  ca rb on y l in teraction  is preferred  w ith  th e  p r o to n  rem ain ing  
w ith in  h y d ro g en  b o n d in g  d istance 76% o f  th e  t im e . A  barrier en ergy  o f  a b o u t 10 kcal m o l'1 needs to  be  
ov erco m e. T h e  in term ed ia te  state is un stab le , th u s it q u ick ly  reverts back  to  th e  carb o n y l in tera ctio n . T h e  C - l l  
h y d r o x y l also  sw itch es b e tw e en  tw o  p o s itio n s , p o in tin g  tow ards and a w a y  fr o m  th e  ca rb o n y l at C -12 a b ou t  
o n c e  every  70  ps, w ith  th e  carb o n y l in tera ctio n  preferred 60% o f  th e  tim e.
3.6 CONCLUSIONS
T h e  structure o f  A D R  falls in to  tw o  m ain  co n fo rm a tio n s w h ic h  can be c lassified  th ro u g h  
th e  d ihedral angles o f  th e  g ly co s id ic  lin kage b e tw een  th e  a g lycon e A -r in g  and th e  a m in o  sugar. In  th e  free, 
u n b o u n d  state, and in  so lu tio n , th e  favoured  c o n fo rm a tio n  is c lose  to  th at o f  th e  c o m p lex  w ith  D N A .  
H o w e v e r  a secon d ary  state is p o ssib le , w h ere  th e  a m in o  sugar is p o s it io n e d  as in  th e  ST 2 co n fo rm er . In  th is  
se c o n d  co n fo rm er  th e  in teraction s o f  th e  a m in o  sugar cause th e  a g ly co n e  to  have  a m o re  p r o n o u n c ed  b en d  
across th e  B C D  rings.
T h e  h y d ro x y l group at C-9 he lps to  or ien t th e  c o n fo r m a tio n  o f  th e  g ly co s id ic  lin kage  
w h e n  m o v in g  b e tw een  th ese  tw o  co n fo rm a tio n s. A lth o u g h  n o  ca lcu la tion s have b een  p erform ed  o n  
d a u n o m y c in , it  seem s lik e ly  th at th e  lack  o f  a C -14 h y d ro x y l in  th is  drug w o u ld  increase th e  sta b ility  o f  th e  
co n fo r m a tio n  n eeded  fo r  in terca lation , m ak ing  th e  secon d ary  co n fo rm a tio n  even  less p o p u la ted  that in  
adriam ycin .
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Sem i-em pirical calcu lations c learly  sh o w  that an ag ly co n e  b en d  is present. T h e  degree o f  
bend is in flu en ced  b y  th e  p o s it io n  o f  th e  am in o  sugar. In th e  gas phase th e  observations sh o w  th at as th e  am in o  
sugar approaches a su itab le  co n fo rm a tio n  for  in terca lation , th e  a g lycon e b en d  reduces fro m  ab ou t 2 0 °  to  10°. 
In so lu tio n  the effect o f  a p o lar so lv en t m ay  reduce th is  b end  even  further, as ind icated  in  th e  x-ray studies. 
T his m eans that w h en  th e  a m in o  sugar is in  th e  S T l  state fo r  in terca lation  th e  ag ly co n e  b ecom es essen tia lly  
flat, thus a llo w in g  it  to  be easily  inserted  b etw een  th e  base pairs o n  th e  h o st D N A . T h is  con certed  
conform ation al change is facilitated  b y  an internal h yd ro g en  b o n d  fro m  th e  C -9 h y d ro x y l group  to  0 - 7  o f  th e  
glycosid ic  linkage.
T h e  tw o  sem i-em pirical q u antu m  m echanics m eth o d s used  p erform ed  w e ll w ith  a fe w  
notab le  reseiva tion s. In th e  less energetica lly  favourable state w ith  th e  g ly co sid ic  lin kage in  th e  ST 2 p o s it io n ,  
the tw o  m eth o d s differed sig n ifica n tly  w ith  PM 3 m ore c lo se ly  rep rod ucin g  th e  experim en ta l x-ray data. In  th e  
global energy  m in im u m  th e  tw o  m eth o d s perform ed  equally  w e ll. F o r  th e  m o lecu lar  m ech an ics m eth o d s th e  
C V F F  force field  m anaged to  rep rod uce all bu t th e  e lectro n ic  conjugation  effect o f  th e  a g lycon e. S ince th is  is an  
in trinsic d efic ien cy  o f  all m olecu lar  m ech anics m eth o d s th is w as to  be expected.
T h e  h o m o lo g y  m o d el o f  an g iogen in  is validated  in  chapter 6; th e  crystal structure o f  
angiogenin  is d iscussed in  chapter 5. B o th  these  structures have been  sh o w n  to  be u n su itab le  fo r  use in  d o ck in g  
studies. T herefore  n o  d o ck in g  studies u sin g  anthracyclines as ligands have been  reported .
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CHAPTER 4 
NUCLEOTIDES
S u m m a ry : A  co n fo rm a tio n a l stu d y  o f  a series o f  n u cleo tid es has been  c o m p leted . T h is  
series co n stitu tes  b o th  p rosp ectiv e  in h ib ito rs and  k n o w n  substrates o f  a n g iogen in , based u p o n  th e  
p ro te in s h o m o lo g y  to  r ib onu clease  A . T h e  stu d y  covers tw o  len g th y  d y n am ics s im u la tio n s , 
firstly  in vacuo w ith  a d ielectric  con stan t o f  1, and se co n d ly  w ith  a d ie lectr ic  co n sta n t o f  80. T h e  
high er  d ie lectr ic  co n sta n t accou nts fo r  th e  charge dam p en in g  e n v iro n m en t o f  an aqu eou s sy stem .  
Sam ples o f  th e  structure o f  each o f  th ese  system s have been  record ed  ev ery  5 ps th r o u g h o u t a 
1250 ps dyn am ics s im u la tio n . T h e  en ergy  o f  these  sn apshots has b een  m in im ised  to  p ro d u ce  a 
trajectory  o f  250  lo w  en ergy  co n form ers. T h ese  have th en  b een  analysed  usin g  a c lu stering  
a lg orith m  to  iso la te  fam ilies o f  con form ers. E ach fa m ily  o f  con form ers, o r  c lu ster, corresp on d s to  
o n e  d istin ct lo w  en ergy  co n fo r m a tio n  o f  th e  sy stem  u n der stu d y . T h e  n u m b er  o f  co n fo rm ers in  
each  cluster  gives an in d ica tio n  o f  h o w  o ften  th e  sy stem  adop ts th is particu lar c o n fo r m a tio n  and  
th erefore  h o w  stab le  it is. T h e  m o re  flex ib le  a sy stem  is th e  m o re  d istin ct lo w  en ergy  
co n fo rm a tio n s there are. T h u s, fo r  m o re  flex ib le  system s m o re  clusters w il l  b e  prod u ced . T o  
stu d y  th e  e lectro n ic  structure o f  these  system s in vacuo and aqu eou s reaction  field  sem i-em pirica l 
m o lecu lar  orb ita l stu d ies have p ro v id ed  va lu ed  in fo rm a tio n  o f  a th erm o d y n a m ic  natu re. T h e  
m o lecu lar  m ech an ics and  m o lecu lar  dyn m aics ca lcu lations w ere  c o m p le te d  u sin g  B io sy m 's  
In s ig h tll and d iscover. T h e  m o lecu lar  orb ita l ca lcu lations w ere  co m p leted  u sin g  A M S O L  (Q C P E  
#606).
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A b breviations:
B C L B io sy m  C o m m a n d  Language
2C M P C y tid in e -2 '-m o n o p h o sp h a te
3 C M P C y  tid ine-3 '-m o n o p h o sp h a te
2dC M P 2'-d eo x y -cy tid in e-3 '-m o n o p h o sp h a te
3dC M P 3'-d eo x y -cy tid in e-2 '-m o n o p h o sp h a te
cC M P 2 ',3 '-cy c lic  cy tid in e  m o n o p h o sp h a te
r.m .s. r o o t m ean square
2 U M P U  ridine-2 '-m o n o p h o sp h a te
3 U M P U r id in  e-3 '-m o n o p  hosph ate
2d U M P 2 '-d eo xy-u rid in e-3 '-m on op h osp h ate
3d U M P 3 '-d eo xy-u rid in e-2 '-m on op h osp h ate
cU M P 2 ' ,3 '-cyclic  ur id ine  m o n o p h o sp h a te
C p G C y  t id y ly l-3 ' ,5 '-guanosine
C p cG p h o p h o n a te  analogue o f  C p G
U p A U r id y ly l-3 ' 3 5' -adenosine
U p c A p h o sp h o n a te  analogue o f  U p A
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4 Nucleotides
T h e  h o m o lo g y  o f  an g io g en in 22 (A N G ) to  r ib onu clease  A  (R N aseA ) exten d s, w ith  so m e  
difference in  b in d in g  affin ities, to  co v er  a lim ited  se lec tio n  o f  n u c leo tid e  substrates27. B y  stu d y in g  th e  
in tera c tio n  o f  th e  k n o w n  a n g iogen ic  substrates, it  sh o u ld  be p ossib le  to  p r o p o se  p o ten tia l in h ib ito rs. T h e  
design  o f  th ese  in h ib ito rs can be based u p o n  th e  k n o w n  in h ib ito rs o f  R N a se A .
4.1 TYPES OF INHIBITORS
T h ere  are tw o  m ain  sets o f  m o d ified  n u cleo tid es w h ic h  in h ib it  R N a se A . T h e  first is a 
m o n o n u c le o tid e , w ith  th e  h y d ro x y l groups o n  th e  p y r im id in e  n u c leo tid e  sugar in  p o s it io n s  su ch  that 
p r o to n a tio n  b y  R N a se A  can n o t occu r, and th erefore  it can n o t cyclise . T h is  m a y  be because th e  h y d ro x y l  
g rou p s are absent, o r  due to  th e  o r ien ta tio n  th e  n u cleo tid e  adopts in  th e  active  site . T h e  o th er  fo rm  o f  
in h ib ito r  m akes catalysis im p o ssib le  b y  rep lacing th e  o x y g e n  in  th e  cleavable p h o sp h o d ie ster  o f  a d in u c leo tid e  
w ith  a m e th y len e . T h u s th e  leav in g  group is n o t  c leaved  and th e  entire substrate rem ains b o u n d .
4.1.1 Di-Nucleotide
It has a lready been  determ ined  that th e  pu rin e  and  p y r im id in e  preferences o f  th e  tw o  
p ro te in s are d ifferent. R ib on u clease  A  prefers ur id ine  p h o sp h o ry l adenylate  (U p A ), w h ereas A N G  prefers 
cy tid in e  p h o sp h o r y l guanosate  (C p G ). B y  m o d ify in g  U p A  su ch  that th e  p h o sp h o d ie ster  b o n d  ca n n o t be  
cleaved  an in h ib ito r  o f  R N a se A  is p ro d u ced  (U p cA ). B y  h o m o lo g y  a sim ilar  in h ib ito r  to  a n g io g en in  sh o u ld  
ex ist (C p cG ). T h e  p ro b lem s w ith  m o d e llin g  th is  in h ib ito r  are that it  is v e ry  b ig  and  v e ry  flex ib le . A lso , w h e n  
b o u n d  to  R N a se A , th e  in h ib ito r  interacts w ith  m a n y  residues. F o r  th is  reason  th e  stu d ies in  th is  chapter have  
used  m o n o n u c le o tid e s  as a basis fo r  ligan d  design. T h ese  system s are su m m arised  in  figure 20  and tab le  5.
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Figure 20  M o n o n u cle o tid e , R 1 - c y tid in e  or  urid ine, R 2 and R 3 - h yd ro g en , h y d ro x y l o r  p h osp h ate .
S ystem R1 R 2 R3
2 C M P C y tid in e-2 '-m o n o p h o sp h a te C y tid in e - 0 - P 0 32- -O H
3d C M P 3 '-d eo x y -cy tid in e-2 '-m o n o p h o sp h a te C y tid in e -O -P O 32- -H
3 C M P C y  tid ine-3  '-m o n o p h o sp h a te C y tid in e -O H -O -P O 3 2-
2dC M P 2 '-d eoxy -cy tid in e-3 '-m o n o p h o sp h a te C y tid in e -H -O -P O 3 2-
cC M P 2 ',3 '-cy c lic  cy tid in e  m o n o p h o sp h a te C y tid in e -O-faOf-O-
2 U M P U rid in e-2 '-m o n o p h o sp h a te U r id in e -O -P O 32- -O H
3 d U M P 3'-d eo x y -u rid in e-2 '-m on op h osp h ate U r id in e -O -P O 32- -H
3 U M P U rid in e-3 '-m o n o p h o sp h a te U r id in e -O H -O -P O 32'
2 d U M P 2'-d eoxy-u rid in e-3 ’-m o n o p h o sp h a te U r id in e -H -O -P O 32-
c U M P 2 ' ,3 '-cyclic  ur id ine  m o n o p h o sp h a te U r id in e -C K P O J -O -
T able 5 N u c le o t id e  derivatives investigated  in  th e  current stu d y . R efer to  figure 20  fo r  structure.
4.1.2 Mononucleotide
M o n o n u cle o tid es  m ake v e ry  g o o d  in h ib ito rs o f  rib onu clease  A . B y  rem o v in g  th e  h y d ro x y l  
group adjacent to  th e  p h osp h ate , w h ic h  can e ith er  be at th e  2' o r  3* p o s it io n , th e  n u cleo tid e  is n o  lo n g er  ab le to  
cyclise, and th erefore it can n o t be catalysed. A n  in h ib ito r  o f  th is ty p e  sh o u ld  also be exist fo r  A N G . T h e  
cata lytic  action  o f  A N G  appears to  be th e  sam e as in  R N a seA . S o m e m o n o n u c leo tid es  have all th e  correct  
features for  be ing  a substrate excep t th e y  can n o t be cy clised  due to  th e  g eo m etry  o f  th e  k e y  fu n ctio n a l groups  
w ith in  the active  s ite  o f  R N a se A . T h is  fo rm  o f  in h ib ito r  w o u ld  be d ifficu lt to  reproduce fo r  A N G , sin ce  its 
active site  g eo m etry  is n o t  fu lly  u n d ersto o d  w h e n  an in h ib ito r  or  substrate is b ou n d . F o r  th is reason th e  stu d y
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has been  lim ite d  to  a series o f  ten  p y r im id in e  n u cleo tid es. T h is series sh o u ld  p ro v id e  en o u g h  v a r ie ty  to  
d eterm in e  h o w  a ligan d  m ay  in teract w ith  A N G  and  also  w h ic h  o f  th ese  ligands m a y  be in h ib ito rs.
4.2 METHODOLOGY
Several m o lecu lar  m o d e llin g  tech n iq u es w ere e m p lo y e d  to  investiga te  th e  co n fo rm a tio n a l 
space and  sta b ility  o f  a series o f  n u cleo tid es . T h is  s tu d y  iso lates a set o f  co n fo rm ers fo r  each o f  th e  n u cleo tid es  
w h ic h  is th e n  used  in  d o ck in g  stu d ies in  chapter 6. T h e  iso la tio n  o f  th e  m ajor lo w  en ergy  co n fo rm ers o f  each  
n u cle o tid e  hase been  co m p leted  in  tw o  en v iro n m en ts. T h e  con form ers o b ta in ed  in  each m e th o d  have been  
com pared , and  se lected  co n fo rm ers ch o sen  fo r  d o ck in g  studies. T h e  sec tio n s b e lo w  describe a co n fo rm a tio n a l 
c lu sterin g  tech n iq u e  w h ic h  has b een  d ev e lo p ed  to  iso late  un iq u e  lo w  en ergy  co n fo rm ers o f  th e  sy stem s u n der  
stu d y . T h e  co n fo rm ers w ere  iso lated  fro m  a len g th y  dyn am ics trajectory, and  c lu stered  in to  fam ilies. E ach  
fa m ily  represents a sing le  lo w  en ergy  co n fo rm a tio n a l state o f  th e  system . T h e  chapter co n c lu d es b y  d eta iling  
th e  co n fo rm ers w h ic h  have been  iso lated , and th e ir  p o ssib le  significance.
4.2.1 Dynamics
T w o  m o lecu lar  d yn am ics m eth o d s w ere  ch o sen  fo r  stu d y in g  th e  n u cleo tid es . T h e  first, 
u n d er  gas phase co n d itio n s , u sed  a d ie lectric  co n stan t o f  1. T h is causes th e  charged groups to  d ictate  th e  
c o n fo r m a tio n  o f  th e  n u cleo tid es , and  w h e n  th e  sy stem  is m in im ised , sp ec ific  lo w  en erg y  co n fo rm ers are fo u n d . 
T h e  se c o n d  m e th o d  uses a  d ie lectr ic  con stan t o f  80, w h ic h  dam ps th e  C o u lo m b ic  forces to  a sim ilar  degree to  
th a t o b served  in  an aqu eou s system . T h e  charge dam ped system s are m o re  flex ib le , w ith  to r s io n  term s and  
steric  h in drance be ing  m u ch  m o re  in v o lv ed  in  th e  d eterm in ation  o f  th e  c o n fo rm a tio n s  adop ted . W h e n  these  
sy stem s are m in im ised  th e  co n fo rm a tio n  o f  th e  n u cleo tid e  that is ad o p ted  is less sp ec ific  and th erefo re  m a n y  
l o w  en erg y  states are iso lated . A  set o f  co n fo rm a tio n s w ere  generated fo r  each o f  th ese  tw o  d ifferent 
en v iro n m en ts u sin g  th e  a lg o rith m  as detailed  b e lo w .
1 . M in im ise  th e  strain  en ergy  u sin g  steep est descents to  10 kcal m o l'1 A '1, conjugate  gradients73 to  0.1  kcal 
m o l 1 A 1 and th e  strain  en ergy  w as further refined  u sin g  a q u a si-N e w to n  m e th o d 75 (V A 0 9 A ) to  0 .001  
kcal m ol'1 A'1.
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2 . E qu ilibrate th e  sy stem  to  315 K elv in  o v er  a p er io d  o f  5 ps. T h is  p er io d  is v e ry  sh ort, b u t sh o u ld  
p rov id e  en o u g h  tim e  fo r  th e  sy stem  to  o v erco m e so m e  o f  th e  sm aller en erg y  barriers. S in ce th e  
d yn am ics w ill be co n tin u ed  fo r  1250 ps, th e  sy stem  w ill have p le n ty  o f  tim e  to  fu lly  equilibrate.
3. Save th e  current co n fo r m a tio n  to  an arch ive file  and perform  a n oth er  5 ps o f  dyn am ics. T h is  step  is 
repeated u n til 250  con fo rm ers have been co llected .
4. E ach o f  th e  saved dyn am ics con form ers is m in im ised  as in  step  1 and  saved to  a n e w  archive.
T h e  overall aim  o f  th e  a lgorithm  is to  produ ce  250 lo w  en ergy  co n form ers fo r  th e  
c o n d itio n s used. T h ese  lo w  en ergy  co n form ers are analysed  and grouped  in to  fam ilies u sin g  th e  c lu stering  
algorithm s detailed  in  the n ext sec tio n .
4.2.2 Clustering
T h e  co n fo rm a tio n a l space that a m o lecu le  exists in  can be fo u n d  b y  m a n y  m eth o d s, su ch  
as dyn am ics b y  determ in in g  th e  r ig id ity  o f  con fo rm a tio n a l param eters, random  settin g  o f  to r s io n  angles, 
sim ulated  annealing to  fin d  lo w  en ergy  con form ers and  ex p lorin g  th e  con fo rm a tio n a l en ergy  barriers th at ex ist 
w ith in  th e  m o lecu le . H o w e v e r  these m eth o d s do  n o t  all give v ery  g o o d  statistical ev id en ce  o f  h o w  o ften  a 
particular co n fo rm a tio n  is adopted . A  sim p le  dynam ics run w ill exp lore  th e  co n fo rm a tio n a l space o f  th e  
m olecu le , and  an analysis o f  ind iv idu al con fo rm a tio n a l param eters o v er  t im e  can be perform ed . H o w e v e r , it  is 
n ot im m ed ia te ly  o b v io u s  if  th e  m o lecu le  returns to  sim ilar co n fo rm a tio n  over  tim e. T o  try  and  fin d  th e  m o st  
popular co n fo rm a tio n s it is first necessary to  define  a m eth o d  w h ic h  w ill  detect i f  o n e  c o n fo rm er  is sim ilar to  
another. T h e  n ext sec tio n  d iscusses th e  s im ilar ity  m easures that are available, th en  p roceeds to  detail h o w  th ese  
sim ilar ity  m easures have been  used  to  group  con form ers in to  fam ilies.
4.2.2.1 Methods For Judging Similarity
M easurem ent o f  s im ila r ity  depends u p o n  th e  nature o f  th e  in vestiga tion . S o m e sim p le  
m easures are derived from  easily  calculated  p roperties o f  th e  system . T h ese  in c lu d e  sp ec ific  calculated  en ergy  
co n tr ib u tio n s, d ip o le  m o m en ts, sp ec ific  con fo rm a tio n a l param eters, su ch  as d istance, angle, o r  d ihedral angle, 
and also calculated prop erties lik e  lo g  P , etc. T h e  current in v estiga tion  is in terested  in  fin d in g  co n fo rm ers th a t
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w o u ld  b in d  to  an g iogen in in . T herefore, it  is necessary to  express th e  co n fo r m a tio n  o f  each sy stem , and  th is  
m u st be co-ord in ate  based. T h e  m easure ch o sen  uses th e  r o o t m ean square (r.m .s.) d ev ia tio n  o f  o n e  structure  
com p ared  to  anoth er. T h is  m e th o d  is depend ant u p o n  o r ien ta tio n  o f  th e  so u rce  and  target m o lecu les . T h e  tw o  
com p ared  m o lecu les are first aligned , u sin g  a su p erim p o sitio n  ro u tin e , to  m in im ise  th e  r .m .s. d ev ia tio n  
b etw een  th e  tw o  com p ared  structures. T h e  r .m .s. d ev ia tio n  w o u ld  th en  b e  a m easure o f  th e  co n fo rm a tio n a l  
difference o f  th e  tw o  m o lecu les , and  n o t  a m easure o f  th e  o r ien ta tio n  o f  th e  tw o  m o lecu les . T h is  m e th o d  thu s  
reduces th e  a to m ic  co-ord in ates o f  th e  tw o  m o lecu les to  o n e  num ber.
4.2.1.2 Superimposition
T h e  su p erp o sitio n  o f  th e  co-ord in ates o f  o n e  set o f  a to m s to  a n o th er  equ iva len t set o f  
ato m s in v o lv es  a p p ly in g  ro ta tio n s and translations th ro u g h  space to  all a to m ic  co -ord in ates o f  th e  sou rce  
structure. T h e  tran sform ation s are app lied  equally  to  each a to m  o f  th e  so u rce  m o lecu le  (A ), su ch  that th e  
relative  p o s it io n  o f  a tom s w ith in  th e  m o lecu le  (A) rem ain unchanged. O n ly  th e  o r ien ta tio n  o f  m o lec u le  (A) 
w ith  respect to  th e  target m o lecu le  (B) is varied. T h e  re-orien tation  o f  (A) w ith  respect to  (B) is dr iven  b y  th e  
m in im isa tio n  o f  th e  r .m .s. d ev ia tio n  o f  (A) com p ared  to  (B). T o  d irec tly  com p are  tw o  structures th e  a tom s  
m u st be m atch ed  in  a pair-w ise fash ion . F o r  tw o  ch em ica lly  d ifferent sy stem s all a to m s ca n n o t be d irec tly  
com pared , b u t th is  can be d o n e  fo r  th e  com p a riso n  o f  d ifferent co n fo rm a tio n s o f  th e  sam e sy stem .
T h e  r .m .s. d ev ia tio n  is th e  square r o o t o f  th e  su m  o f  th e  squares o f  all d ifferences in  th e  
a to m ic  co-ord in ates o f  o n e  sy stem  w ith  respect to  th e  o th er . F o r  tw o  ch em ica lly  identica l b u t  
co n fo r m a tio n a lly  d ifferen t m o lecu les (A) and  (B) w ith  i a tom s, and co-ord in ates A ; and B;, th e  r .m .s. d ev ia tio n  
is g iven  as:-
I £ (ArBi)2
Eqn. Iv r.m.S. = J  J - - - - - - - - - j - - - - - - - - - - -
T h e  d ev ia tio n  has th e  d im en sio n  o f  d istance, and th erefore  represents th e  average d ev ia tio n  
o f  th e  co-ord in ates o f  m o lecu le  A  w ith  respect to  m o lecu le  B. T h e  m e th o d  is fa irly  q u ick  o n  m od ern  
w o rk sta tio n s  b u t is still h ig h ly  co m p u ta tio n a lly  in ten sive . T o  com pare several hu n d red  structures is v e r y  tim e
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co n su m in g . T h e  m eth o d s used  to  cluster th e  con form ers in to  fam ilies can take a lo n g  tim e, b u t th e  statistical 
results ob ta in ed  can be v e ry  usefu l.
4.2.2.3 Clustering Conformers
T w o  a lgorithm s have been  devised to  generate clusters o r  fam ilies o f  co n fo rm a tio n s and  
w ritten  in to  B io sy m  C o m m a n d  Language (BCL) m acros. T h e  first o f  th ese  m eth o d s is u sefu l fo r  a set o f  
conform ers w ith  o n ly  a fe w  d istin ct fam ilies, and  is usefu l for  system s w h ic h  adop t d istin ct co n fo rm a tio n s. T h e
m eth o d  is qu ick  fo r  100 structures, w h ere  clusters can be prod u ced  in  20  m in u tes o n  an average 100 M H z  SG I
w o rk sta tio n . T h e  p ro b lem  w ith  th e  m eth o d  is that it does n o t  b u ild  each cluster  usin g  th e  fu ll se t o f  
conform ers; o n ce  a co n fo rm er  has been  assigned to  a cluster, it  is rem o v ed  fro m  th e  sou rce  data set. T h is  m eans 
that n o  overlap  is p o ssib le  b etw een  clusters, and th erefore it is o f  lim ited  use. T h e  seco n d  a lg orith m  is m u ch  
m ore in v o lv ed  and fo r  250 con form ers (the nu m b er used  in  th is stu dy) th e  fu ll c lu stering  m a y  take a b ou t 30  
hours. T h is m acro can be used to  b u ild  clusters o n e  at a tim e  o r  to  b u ild  all clusters fro m  a list o f  seeds. T h e  
m eth o d  builds clusters o n e  at a tim e, u sin g  th e  fu ll data set fo r  each n e w  cluster, th u s p o ten tia l overlaps can  
occur, and v e iy  o ften  th e  sam e cluster  is rep eated ly  fou n d . T h e  starting p o in t  fo r  a c lu ster  co m es fro m  a 
seeding tech n iq u e w h ic h  finds pairs o f  v ery  sim ilar structures. T h ese  pairs are analysed  and  seeds w h ic h  w ill  
lead to  th e  sam e cluster  are rem oved . H o w e v er , there m ay  be seeds w h ic h  w ill still generate th e  sam e clusters. 
F o r  th is reason a ’C ' program  w as w r itten  to  update th e  list o f  seeds after each cluster  is generated and  to  
con tro l the c lu stering  process. W h en  th e  clusters are generated, fu ll statistics are recorded and  th e  d iffusiveness  
o f  the cluster can be m o n ito r ed  as it is generated. T h e  break d o w n  o f  b o th  m eth o d s is detailed  b e lo w .
4.2.2.4 Cluster Algorithm  No. 1
T h is a lgorith m  starts w ith  a data set o f  conform ers o f  th e  sy stem  un der stu d y , w h ic h  co u ld  
have been generated in  m a n y  different w ays. A  cu t o ff, w h ic h  defines if  o n e  co n fo rm er  is sim ilar to  anoth er , is 
chosen . T h e  first o f  th e  co n form ers in  th e  starting data set is ch o sen  as a starting p o in t  fo r  b u ild in g  th e  first 
cluster. T h e  w h o le  data set, is th en  com pared  to  th is structure. If a n y  o f  th e  con form ers has an r.m .s. d ev ia tio n  
that is lo w e r  than th e  cut o f f  th en  these  conform ers are grou p ed  to g eth er  in to  a cluster. T h e  com p a riso n  
structure a long  w ith  all o f  th e  co n form ers that have been  grouped  w ith  it  are th e n  saved as a c luster, and
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rem o v ed  fro m  th e  starting data set. T h e  starting data set is n o w  sm aller, and can be searched qu ick er  fo r  th e  
b u ild in g  o f  su bseq uent clusters. T h e  process repeats, tak in g  th e  first structure in  th e  rem ain in g  data set and  
f in d s all sim ilar  structures to  th is o n e . A  n e w  clu ster  is form ed  and  th e  co n fo rm ers that c o n stitu te  th e  n e w  
c lu ster  are rem o v ed  fro m  th e  search data set.
O b v io u s ly  th is m e th o d  can o n ly  be used  fo r  a set o f  co n fo rm ers th at can be g rou p ed  in to  
d istin ct clusters. T h is  w il l  genera lly  be th e  case fo r  v e r y  rigid m o lecu les , o r  a set o f  r ig o r o u s ly  m in im ised  
structures w ith  a lo w  d ielectric  o f  ab o u t 1, as in  th e  first data set. W ith  a lo w  d ielectric, esp ec ia lly  fo r  p o lar  
m o lecu les , th e  e lectrosta tic  forces d ictate th e  co n fo rm a tio n s seen, lead ing to  d istin ct con form ers. A t  h igher  
dielectrics and fo r  less p o lar m olecu les th e  charge term s are dam p en ed  and  th e  to rsio n a l term s d ictate  th e  
c o n fo rm a tio n s  produ ced . T h e  en ergy  barrier fo r  con fo rm a tio n a l changes are lessened  an d  th ese  sy stem s are 
th erefo re  m o re  flex ib le . F o r  m o re  flex ib le  system s th ere  m ay  be sign ifican t overlap  o f  th e  c lu sters and  there  
m a y  n o t  ev en  be d istin ct fam ilies. F o r  th is a lg o rith m  th e  co n stru ctio n  o f  clusters b e y o n d  th e  first are n o t  b u ilt  
w ith  access to  th e  fu ll data set, and  th erefore  n o  overlap  can occur. F o r  th is  reason  a m o re  in v o lv e d  a lg o r ith m  
w as devised.
4.2.2 .5 Cluster A  Igorithm No. 2
T o  tr y  and  im p ro v e  u p o n  th e  first a lgorith m  and to  gauge th e  tigh tn ess o r  d iffusiveness o f  
th e  clusters as th e y  are p rod u ced , th is a lg o rith m  uses th e  fu ll data set fo r  generating each cluster. T h e  m ain  
p ro b lem  n o w  is to  decide u p o n  su itab le  starting p o in ts  fo r  bu ild in g  th e  clusters. T h e  starting  p o in ts  w ill  need  
to  be varied  en o u g h  to  a llo w  all th e  con fo rm ers to  b e  clustered. A n  in su ffic ien t n u m b er  o f  starting  p o in ts  w ill  
m ean  th at n o t  all th e  data set w o u ld  be clu stered  and  th at so m e o f  th e  clusters w il l  rem ain  u n d iscovered . T h e  
a lg o rith m  is th erefore  sp lit  in to  tw o  parts; firstly , there is th e  generation  o f  starting p o in ts  and  se c o n d ly , th e  
fo r m a tio n  o f  clusters fro m  th ese  starting p o in ts .
Seeding
T h e  c h o ice  o f  a starting p o in t  fo r  bu ild in g  a clu ster  is term ed  seed ing , and  th e  starting  
p o in ts  are term ed  seeds. T h e  p o ssib le  seed ing  m eth o d s considered  are to  use  s in g le  p o in t  energies, random
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structure sam p lin g , o r  pair-w ise r.m .s. com b in a tio n s. T o  use o n ly  th e  N  lo w e st en ergy  structures w il l  lead  to  
the sam e cluster o f  lo w  en ergy  con fo rm a tio n s. T h u s a sam ple o f  structures w ith  d ifferent energies w o u ld  be  
needed. U s in g  random  sam ples w ill  m ean  an equal chance o f  g o o d  clu stering  o r  bad clustering, so  th is  m e th o d  
was discarded. L o o k in g  for  pair-w ise co m b in a tio n s o f  con form ers w h ic h  have lo w  r .m .s. d ev ia tion s g ives g o o d  
seeds, a lth ou gh  it d o es n o t  p ro v id e  a n y  fac ility  to  ensure that fu ture clusters are d ifferent fro m  prev iou s ones. 
H o w ev er , th e  n u m b er  o f  seeds can be co n tro lled , b y  tak ing  th e  N  lo w e st r .m .s. pairs. T h e  pairs o f  structures  
produ ced  co u ld  th en  be further analysed  to  im p rove  th e  set o f  seeds, b y  a co n sid eration  o f  o th er  factors. T h e  
original seed ing  m e th o d  that w as attem p ted  w as a h y b rid  o f  th e  pair-w ise conform ers and sing le  p o in t  energy- 
based m eth o d s. T h e  pairs o f  structures w o u ld  b e  generated and  reduced to  rem o v e  p o te n tia lly  sim ilar seeds. 
T hese pairs w o u ld  th en  be taken  and  a sam p le coverin g  a w id e  range o f  energies w o u ld  be used  to  generate  
clusters. U n fo rtu n a te ly , th e  energy  screen ing m eth o d  p roved  d ifficu lt to  im p lem en t w ith in  th e  m acro  
language. H o w e v er , th e  seeds p rod u ced  co u ld  be updated b y  th e  user o r  th ro u g h  a n oth er  program  before  
clustering started.
Building Clusters
B uild in g  clusters o f  varied  con form ers in v o lv es an arbitary ch o ice  o f  w h ere  th e  lin e  is 
drawn. A  cluster co u ld  be v e ry  com p act and con ta in  v ery  sim ilar structures o r  it  m a y  be v e ry  d iffuse  and  
overlap w ith  o th er  clusters. A ltern a tiv e ly , th e  data set m ay  n o t  con ta in  d istin ct clusters b u t have an app arently  
random  set o f  con form ers. T o  discuss th e  a lgorithm  several con cep ts need to  be exp lained . T h e  first is th e  idea  
o f  a virtual co n fo rm er  w h ic h  is th e  ar ithm etical m ean structure o f  th e  cluster. T h is is referred to  in  th e  
fo llo w in g  d iscu ssion  as th e  average co n fo rm er  o f  th e  cluster. It is calculated  b y  averaging th e  co-ord in ates o f  all 
the conform ers in  th e  cluster. T h e  n ext co n cep t is that o f  th e  representative co n fo rm er  o f  th e  cluster. T h is  
con form er is fo u n d  b y  com p arin g  all o f  th e  con form ers in  th e  clu ster  to  th e  average con fo rm er . T h e  o n e  w h ic h  
has th e  lo w e st r .m .s. d ev ia tio n  com pared  to  th e  average co n fo rm er  is se lected  as th e  representative. L astly , to  
m o n ito r  th e  d iffusiveness o f  th e  clusters, th e  co n fo rm er  w h ic h  differs m o st fro m  th e  average co n fo rm er  is 
foun d . T h e  r.m .s. d ev ia tio n  o f  th is co n fo rm er  w h en  com pared  to  th e  average co n fo rm er  is called  th e  
diffusiveness.
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T h e  clusters are b u ilt up  in  th e  fo llo w in g  m anner.
1. C om p are  all exclu d ed  co n form ers to  th e  average con form er o f  th e  cluster, and add th e  o n e  w h ic h  has 
th e  lo w e st r .m .s. d ev ia tio n  to  th e  average con form er. I f  th is r .m .s. d ev ia tio n  is h igh er  th an  a pre-set 
cu t-o ff th e  c lu sterin g  is d isco n tin u ed .
2. F in d  th e  d iffusiveness o f  th e  cluster. I f th e  d iffusiveness has increased b y  m o re  th an  a pre-set cu t-o ff  
th e  c lu stering  w il l  be stop p ed .
3. U p d a te  th e  average co n fo rm er , and  th e  representative con fo rm er , an d  record  th e  statistics o f  th is  
generation .
4. R epeat u n til all con fo rm ers have been  clustered  in to  th e  sam e c lu ster  o r  o n e  o f  th e  cu t-o ffs is exceeded .
S o m e  exp ected  results o f  th e  a lgorith m  that can b e  used  fo r  v a lid ation  are th at fo r  a data 
set o f  d istin ct n on -o v er la p p in g  clusters o f  con form ers, th e  d iffusiveness an d  th e  r .m .s. ch eck  fo r  each  
co n fo rm er  added to  a c lu ster  w ill  gradually increase to  a p o in t  w h en  th ere  w o u ld  be a s ig n ifica n tly  h igh  
increase as th e  n e w  co n fo rm er  is added. I f  th e  data set conta ins con fo rm ers th at w il l  fo rm  m o re  lo o se ly  
ov erla p p in g  clusters th e  increase in  th e  d iffusiveness and r .m .s. ch eck  w o u ld  b e  less sign ifican t, bu t 
never-the-less detectable. F o r  a data set w ith  o n ly  o n e  d istin ct con fo rm er  o r  a ran d om  set o f  co n fo rm ers that 
d o  n o t  fall in to  d istin ct clusters th e  d iffusiveness and  r .m .s. ch eck  w o u ld  stea d ily  increase u n til all con fo rm ers  
had b een  grou p ed  in to  th e  sam e cluster. T o  d istin gu ish  these  later tw o  cases th e  d iffusiveness is considered; a 
rig id  sing le  co n fo rm er  data set w o u ld  have a lo w  diffusiveness; a random  set o f  un clu sterab le  co n fo rm ers w o u ld  
have a h ig h  d iffusiveness.
4.2 .2 .6 Control Program
T h e  co n tr o l program  Gen_Clu$ters autom ates th e  g en eration  o f  clusters fo r  a d y n am ics  
trajectory , u sin g  a predefin ed  r .m .s. cut-off. T h e  program  begins b y  generating a list o f  seeds, and refin in g  these  
b efo re  se lec tin g  th e  best seed  fo r  generating th e  first cluster. A fter  each c lu ster  is generated th e  program  updates  
th e  current lis t b y  rem o v in g  a n y  seeds w h ic h  m a y  lead to  duplicate clusters. T h e  r .m .s. cu t-o ff th at c o n tro ls  the  
s ize  o f  clusters that are generated is set to  0.25A fo r  th e  d iffusiveness and  0.7A fo r  th e  n e w  c o n fo rm er  cut-off.
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A  lo w er  cu t o f f  fo r  th e  d iffusiveness w ill  lead to  n u m erous v ery  sm all clusters, w h ereas a large cut o f f  m a y  lead  
to  all the co n form ers be ing  grou p ed  in to  o n e  cluster. T h ese  cut-offs are curren tly  hard cod ed  b u t th e  cod e  
cou ld  easily  be m od ified  su ch  that th e y  are in clu ded  as com m an d  lin e  argum ents.
A s each n e w  co n fo rm er  is added to  th e  cluster th e  c lu stering  m acro rep orts th e  r .m .s. 
d eviation  o f  all con fo rm ers in  th e  cluster  to  th e  average co n fo rm a tio n  o f  th e  cluster. A  p lo t  o f  th e  h igh est  
r.m .s. d ev iation  (diffusiveness) fo r  each generation  against th e  generation  n u m b er can be used  to  fin d  th e  p o in t  
at w h ich  tw o  clusters m erge. A n  exam ple p lo t  is g iven  in  figure 21. In itia lly  th e  cluster appears to  b eco m e  v ery  
diffuse as each n e w  co n fo rm er  is added. T h e  d iffusiveness m ust be h igh  en o u g h  to  get past th is in itia l stage, bu t 
still be lo w  en o u g h  to  detect th e  start o f  a n e w  cluster. A fter  tw e n ty  o r  so  generations th e  d iffusiveness begins  
to  converge and levels o u t. F o r  th is particular trajectory th e  d iffusiveness reaches 0.3A before  su d d en ly  rising  
to  a lm ost I.OA. T h e  su dd en  rise is due to  a s ign ifican tly  d ifferent con fo rm er  being  added to  th e  cluster; th e  
correct d iffusiveness cu t-o ff fo r  th is trajectory sh o u ld  be abou t 0.25 bu t w as set at 0.7A. T h is w il l  lead to  a fe w  
distinct clusters w h ic h  have all co n form ers w ith in  0.3A o f  th e  average co n fo rm a tio n  o f  th e  cluster. If an r .m .s. 
cu t-o ff o f  0.1 A  w as used th en  th e  clusters w o u ld  n o t  be fu lly  generated, be ing  cu t-o ff after o n ly  a fe w  v ery  
sim ilar conform ers had been  added. T h e  clusters w o u ld  be v ery  sm all and n u m erou s. A n  r .m .s. cu t-o ff ab ove
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1 .0 A  w o u ld  lead to  clusters m erging  in to  each other .
F igu re  21 D iffu siv en ess p ro file  o f  th e  gen eration  o f  a cluster. "C onform ers in  cluster" refers to  th e  gen eration  
o f  th e  cluster. T h e  d iffusiveness is m easured as th e  r.m .s. d ev ia tio n  o f  th e  m o st  dev iant c o n fo rm er  in  th e  
cluster.
4.2.3 Molecular Orbital Methods
T h e  m o lecu lar  orb ita l m eth o d s used  for  th e  studies in  th is  chapter are id en tica l to  th o se  
u sed  in  chapter 3 fo r  th e  ca lcu la tion  o f  free energies o f  so lv a tio n  fo r  adriam ycin . In  th is  s tu d y  a sin g le  
c o n fo rm er  o f  each o f  th e  n u cleo tid es w as se lected  and used  as in p u t fo r  gas ph ase o p tim isa tio n  u sin g  th e  A M I 82 
a n d  P M 3 83,84 param eter sets. T h e  gas phase o p tim ised  structures w ere  th e n  u sed  as in p u t in to  th e  aqueous  
rea ctio n  fie ld  in  A M S O L 98 u sin g  th e  A M 1-S M 289 and  P M 3-SM 390 param eter sets. T h e  nuclear co-ord in ates o f  
th e  gas phase structures w ere  h eld  sta tic  fo r  th e  aqueous phase studies. F o r  fu ll details o f  th e  m e th o d o lo g y  refer 
to  ch apter 3.
4.3 CLUSTERING RESULTS
T h e  sec tio n  b e lo w  details th e  results ob ta in ed  fro m  th e  c lu stering  o f  th e  dyn am ics  
trajectories p ro d u ced  in  th e  sec tio n  above. T h e  results have been  d iv id ed  in to  tw o  sec tio n s, gas phase and  
charge dam ped. T h e  co n form ers generated in  each tra jec to iy  have been  analysed  and gro u p ed  in to  fam ilies or  
clusters. E ach  c lu ster  represents a sin g le  c o n fo r m a tio n  o f  th e  n u cleo tid e  un d er  stu d y . T h e  data has been
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presented in  th e  fo rm  o f  a p ie  chart, w h ere  each segm en t correspon ds to  a d ifferent cluster, th e  size  o f  w h ic h  is 
p rop o rtio n a l to  th e  n u m b er  o f  co n form ers in  that cluster. E ach cluster is labelled  w ith  its corresp on d in g  
diffusiveness, to  give an in d ica tio n  o f  h o w  w e ll defined  th e  cluster is. A  lo w  value fo r  th e  d iffusiveness ind icates  
a w e ll defined  cluster, and that th e  c lu ster  o n ly  co n ta in s o n e  m ajor co n fo rm a tio n  o f  th e  system . F o r  m o re  
diffuse clusters th e  sy stem  is less w e ll defined  b u t d istin ct con fo rm a tio n a l states can still be  iso lated . E xam ples  
o f  th is can be seen  in  th e  charge dam p ed trajectories detailed  b e lo w .
4.3.1 Terminology
T here are tw o  term s used in  th e  d iscussions b e lo w , th e  average co n fo rm er  o f  a cluster  and  
the representative co n fo rm er  o f  a cluster.
4.3.1.1 A verage Conformer
T h e  average co n fo rm er  o f  a g iven  set o f  con form ers is generated b y  averaging th e  
co-ord inates o f  all th e  con fo rm ers in  th e  data set. I f th e  conform ers are n o t  v ery  sim ilar, as in  th e  case fo r  v ery  
diffuse clusters, th en  th is structure w ill have an unrealistic  g eom etry .
4.3.1.2 Representative Conformer
W h en  com parin g  th e  c o n fo rm a tio n  described b y  a cluster  it is b etter  to  use  a 
representative o f  th e  cluster  rather than  th e  average structure. A  sing le  co n fo rm er  is ch o sen  fro m  th e  m a n y  
conform ers in  th e  cluster. B y  com p arin g  all o f  th e  conform ers in  th e  cluster  to  th e  average co n fo rm er  o f  th e  
cluster th e  representative can be defined  as that co n fo rm er  w h ic h  m o st c lo se ly  resem bles th e  average  
conform er. T h e  representative co n fo rm er  is th en  used  to  characterise th e  cluster, and th e  m o st  sign ifican t on es  
are used in  th e  d o ck in g  stu d ies in  chapter 6.
4.3.2 Gas Phase Conformations
T h e  gas phase trajectories, as expected , p rod u ced  v e ry  d istin ct co n fo rm a tio n s o f  th e  
system s studied . E ach n u c leo tid e  has adop ted  a lim ited  nu m b er o f  conform ers w h ic h  have been  easily  grou p ed  
togeth er  in to  fam ilies. T h e  d iffusiveness o f  m o st o f  th e  clusters are all un d er  1.0E -04A . T h is  m eans th at o n
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average all o f  th e  con fo rm ers in  th e  cluster  deviate b y  less th an  O.OOOlA fro m  each  o th er . T h e  n u m b er  o f  
d istin ct con fo rm ers that th e  n u c leo tid e  ad op t can be related  to  th e ir  flex ib ility . T h e  m o re  flex ib le  n u cleo tid es  
w ill  be able to  a d op t a greater v a r ie ty  o f  co n fo rm a tio n s, and th is is seen  in  th e  n u m b er  o f  clusters produ ced .
4.3.2.1 Cytidine Vs. Uridine
2-C M P , figure 22 , form s five  d istin ct clusters w ith  o n e  c lu ster  p red o m in a tin g . 2 -U M P , 
figure 27 , fo rm s e lev en  d istin ct con form ers, o f  w h ic h  n o  o n e  co n fo rm er  p red om in ates. T h is  o b serv a tio n  that 
u rid in e  derivatives are m o re  flex ib le  th a n  cy tid in e  derivatives can be seen  in  a ll b u t o n e  o f  th e  gas phase  
analyses, A  further exam ple is 2d C M P , figure 23 , w h ic h  has o n ly  tw o  d istin ct con form ers, w h ereas 2 d U M P , 
figure 28 , has n in e  d istin ct con form ers. T h e  e x cep tio n  to  th is ob serv a tio n  is in  th e  m o st co n stra in ed  sy stem , 
th e  2 ',3 '-cy c lic  p h osp h ates, w h ere  cC M P , figure 26, has tw o  d istin ct co n fo rm ers and  cU M P , figure 31 , has o n ly  
o n e  d istin ct con form er.
4.3.2.2 Oxy Vs. Deoxy
C o m p a rin g  2C M P , to  its d e o x y  derivative, 3d C M P , figures 22  and  2 5 , sh o w s that th e  
rem ova l o f  th e  3 '-O H  causes th e  sy stem  to  b eco m e  m o re  rigid and a sin g le  co n fo rm er  p red om in ates. T h is  tren d  
is seen  in  2 U M P  and 3 d U M P , figures 27  and  30. T h e  sam e trend  is seen  w h e n  com p a rin g  th e  d e o x y g e n a tio n  at 
th e  2' p o s it io n . 3 U M P , figure 29 , has th ir teen  d istin ct con form ers and n o t  o n e  o f  th ese  is p red o m in a n t, bu t 
w h e n  th e  2 '-O H  is rep laced w ith  just a h y d ro g en  to  g ive  2 d U M P , figure 28 , th e  n u m b er  o f  d istin ct con fo rm ers  
drop s to  n in e , and o n e  co n fo rm er  b ecom es p red om in an t. T h e  equ iva len t c y tid in e  sy stem s, 3 C M P  vs 2 d C M P , 
figures 24  and  23, have a less d istin ct trend , a lth o u g h  b y  rem o v in g  th e  2 '-O H  th e  p red o m in a n t co n fo rm er  does  
b eco m e  m o re  d istin ct.
T h is  tren d  is an artefact o f  th e  gas phase en v iro n m en t, w h ere  th e  add ition al charge group  
o f  th e  oxy-der iva tives gives rise to  a greater n u m b er  o f  stab ilising  charge in teraction s. In  th e  d e o x y  derivatives  
th e  lack  o f  th e  h y d ro x y l reduces th e  n u m b er  o f  p o ssib le  in ternal h y d ro g en  b on d s, and  th u s reduces th e  n u m b er  
o f  d istin ct con fo rm ers seen.
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2-CMP 6.4E-05
8 .1 E -0 5
Figure 22 P ie c h a n  o f  clusters generated for 2-C M P. Labels ind icate th e  d iffusiveness (A) o f  each cluster.
Figure 23 P ie chart o f  clusters generated for  2dC M P . Labels ind icate th e  d iffusiveness (A) o f  each cluster.
F igure 24 P ie chart o f  clusters generated for 3-C M P. Labels indicate th e  d iffusiveness (A) o f  each cluster.
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4 .4 E -0 5
5 .7 E -0 5
7 .1 E -0 5
3dCMP
7 .2 E -0 5
F igu re 25 P ie  chart o f  clusters generated for  3dC M P . Labels ind icate th e  d iffusiveness (A) o f  each cluster.
cCMP
3 .
F igure 26 P ie  chart o f  clusters generated for  cC M P . Labels ind icate th e  d iffusiveness (A) o f  each cluster.
2 -U M P
F igu re 27 P ie  chart o f  clusters generated for  2 -U M P . Labels ind icate th e  d iffusiveness (A) o f  each cluster.
1 1 1
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2dUMP 9 .2 E -0 5
6 .1 E -0 5
3 .0 E -0 5
6 .4 E -0 5
6 .2 E -0 5
1 .0 E -0 4
1 .1 E -0 4 5 .2 E -0 5
Figure 28 P ie chart o f  clusters generated for  2 d U M P . Labels ind icate th e  d iffusiveness (A) o f  each cluster.
3 -U M P  5 .9 E -0 5
Figure 29 P ie chart o f  clusters generated for  3 -U M P . Labels ind icate th e  d iffusiveness (A) o f  each cluster.
3dUMP
Figure 30 P ie chart o f  clusters generated for  3d U M P . Labels ind icate th e  d iffusiveness (A) o f  each cluster.
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cU M P
F igu re 31 P ie  chart o f  clusters generated for  cU M P . Labels indicate th e  d iffusiveness (A) o f  each cluster.
4.3.3 Charge Damped Conformations
T h e clusters generated for  th e  charge dam ped system s are less w e ll defined , w ith  m o st  
havin g  a d iffusiveness greater than  0.1 A. T h is m eans that the conform ers in  each cluster  have an average r.m .s. 
d ev ia tio n  fro m  their  representative that is greater that 0.1 A. H en ce  th e  dam p in g  o f  th e  charges causes the  
system s to  b eco m e m ore  flex ib le . H o w e v er , th e  con form ers can still be grou p ed  in to  fam ilies w h ic h  represent a 
sing le  c o n fo rm a tio n . Som e general observation s have been  m ade.
4.3.3.1 Cytidine Vs. Uridine
T h e  f lex ib ility  o f  th e  urid ine co m p lex es is ex ten ded  to  th e  charge dam ped en v iro n m en t.  
A ll th e  c y tid in e  derivatives, figures 32, 33 , 34 , 35 and 36, have m o re  stab le lo w  en ergy  states than  the  
co rresp o n d in g  urid ine derivatives, figures 37, 38 , 39, 40 and 41. T h e  e x cep tio n  again is th e  2 ',3 '-cy c lic  
p h osp h ates, figures 36 and 41, w h ere  th e  cC M P  has e ight lo w  en ergy  co n fo rm a tio n a l states and th e  
co rresp o n d in g  urid ine derivative has o n ly  three.
4.3.3.2 Oxy Vs. Deoxy
In th e  gas phase it w as n o ted  that th e  d eo x y  derivatives p rod u ced  less stab le  co n form ers  
th an  th eir  corresp on d in g  o x y  analogues. S ince th is w as attributed  to  an artifact o f  th e  gas phase en v iro n m en t it 
is ex p ected  that n o  su ch  tren d  w o u ld  be present in a charge dam ped e n v iro n m en t. F o r  th e  d eo x y -cy tid in e
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derivatives stu died  th e  nu m b er o f  d istin ct lo w  energy  conform ers is actually  m ore than  th e  co rresp on d in g  o x y  
derivative. 2-C M P , figure 32, has a h y d ro x y l group  at th e  3' p o s it io n  and has o n ly  six  d istin ct con form ers, 
w hereas 3dC M P , figure 35, w h ich  lacks the 3 ’-O H , has ten . L ikew ise  3-C M P, figure 34, has th irteen  
conform ers and 2d C M P  has seventeen . T h e  urid ine derivatives if  a n yth in g  sh o w  th e  reverse trend , bu t these  
system s produ ced  so  m any  d istin ct co n form ers that th e  d ifference in  th e  n u m ber o f  th em  p rod u ced  seem s  
negligible. T h is ev id en ce therefore  su pp orts th e  co n c lu sio n  that the trend  n o ticed  in  th e  gas phase structures  
w as in fact an artifact o f  th e  e n v iro n m en t used.
2-CMP
1 .3 E -0 1
1 .3 E -0 1
Figure 32 P ie chart o f  clusters generated for  2-C M P. Labels indicate th e  d iffusiveness (A) o f  each cluster.
2dCMP
1 .0 E -0 1
1 .1 E -0 1
1 .1 E -0 1
9 .7 E -0 2
1 .0 E -0 4
1 .0 E -0 1  
.7 E -0 2  
.7 E -0 2  
.0 E -0 1  
0 E -0 1  
1 .1 E -0 1  
1 .1 E -0 1
Figure 33 P ie chart o f  clusters generated for  2dC M P . Labels ind icate the d iffusiveness (A) o f  each cluster.
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3 - C M P
2 .5 E -0 1
2 .5 E -0 1
7 .6 E -0 1
F igu re 34 P ie  chart o f  clusters generated for  3-C M P. Labels ind icate th e  d iffusiveness (A) o f  each cluster.
1 .
3 d C M P  1 .0 E -0 1
1 .
Figu re 35 P ie  chart o f  clusters generated fo r  3dC M P . Labels indicate th e  d iffusiveness (A) o f  each cluster.
c C M P
1 .9 E -0 5
4 .7 E -0 5
F igu re 36 P ie  chart o f  clusters generated for  cC M P . Labels ind icate th e  d iffusiveness (A) o f  each cluster.
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2 -U M P  2.5E-01
2.5E-01 2.6E-01
Figure 37 P ie chart o f  clusters generated for  2 -U M P . Labels ind icate th e  d iffusiveness (A) o f  each cluster.
2dUMP
2.1E-01 2.1E-01
IE-01
2.1E-01 
2.0E-01 
1.7E-01 
1.2E-01 
1.8E-01 2.1E-01
1.9E-01 2.1E-01
. _  1.9E-01
1.8E-01 
^ ‘uE-O, 
1.3E-01
2.2E-01
1.8E-01
Figure 38 P ie chart o f  clusters generated for 2 d U M P . Labels ind icate th e  d iffusiveness (A) o f  each cluster.
3-U M P
1.6E-01
U E -0 1  J.2E-01
1.3E-01
1.2E-01
1.6E-01
1.1E-0
1.3E-01
2.3E-01
3.1E-01
1.4E-01
1.9E-01
1.9E-01
.2E-01
2.1E-01
.2E-01
2 .3E-S l01
1-6E-°1 3riE2b5lE'01 
2.5E-61
Figure 39 P ie chart o f  clusters generated for  3-U M P . Labels ind icate th e  d iffusiveness (A) o f  each cluster.
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F igu re 40 P ie  chart o f  clusters generated fo r  3 d U M P . Labels indicate th e  d iffusiveness (A) o f  each cluster.
cUMP
3 .4 E -0 5
F igu re 41 P ie  chart o f  clusters generated for  cU M P . Labels ind icate th e  d iffusiveness (A) o f  each cluster.
4.4 THERMODYNAMIC RESULTS
T h e data sh o w n  in  tables 6, 7, 8, 9 , 10 and 11 detail th e  th erm o d y n a m ic  results o b ta in ed  
fro m  th e  sem i-em pirical package A M S O L . T h ese  results are d iv ided  in to  gas phase and aqu eou s phase results.
4.4.1 Gas Phase
T h e ten  n u cleo tid e  derivatives, as detailed in  th e  cluster  analysis, have been  stu d ied  using  
b o th  th e  A M I and PM 3 m eth od s. Som e p o in ts  w h ic h  can be draw n from  th ese  results are:-
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1 . T h e  cy c lic  p h o sp h a te  n u cleo tid e  derivative system s are less stab le th an  th e  n o n -cy c lic  derivatives. T h is  
is to  be expected  since th e  cy c lic  p h osp h ate  is so m ew h a t strained, thu s m ak in g  th e  m o lecu le  less stable.
2 . T h e  urid ine derivatives have heats o f  fo rm a tio n  that are r o u g h ly  60 kcal m ol'1 lo w e r  th a n  th eir  
cy tid in e  equivalen ts. S ince th e  o n ly  differences are in  th e  bases present, th is ob serv a tio n  can o n ly  be  
attrib uted  to  th e  d ifferences in  th e  co n stitu en t a tom s o n  th e  base.
3. T h e  d e o x y  derivatives have lo w e r  heats o f  fo rm ation  than  th e  corresp on d in g  o x y  o n es. A g a in  th is  is 
attributed  to  th e  d ifferent e lem en ta l co n ten t.
T h e  gas phase results p rov id e  pred iction s fo r  th e  heat o f  fo rm a tio n  in  kcal m ol'1 (A H f), th e  
first io n isa tio n  en ergy  (I.P.) in  eV  and th e  d ip o le  m o m en t (D .M .) in  D e b y e s .
M olecu le A H f I.P. D .M . M o lecu le A H f I. P . D .M .
2-C M P -434.5 7 .0 12.8 2-U M P -495.9 6.9 9 .4
3-C M P -440.9 7 .6 12.5 3 -U M P -491.3 6.8 11.5
cC M P -363.5 6.5 15.5 cU M P -422.9 6.9 11.1
2dC M P -392,8 6.8 11.1 2d U M P -450.5 6.7 10.6
3dC M P -382.2 6.5 13.7 3d U M P -448.9 6.8 8.7
T able 6 A M I gas phase results.
M olecu le AHf I.P. D .M . M olecu le A H f I.P . D .M .
2-C M P -429.9 6.5 10.9 2 -U M P -485.7 6.3 8.9
3-C M P -435.9 6.6 10.1 3 -U M P -495.4 6.8 9.9
cC M P -369 .0 6.2 12.5 cU M P -423.2 6.9 11.4
2dC M P -390.8 6.3 10.3 2 d U M P -440.0 6.1 10.2
3dC M P -380.7 6.0 11.0 3 d U M P -443.8 6.0 6 .4
T able 7 PM 3 gas phase results.
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M o lecu le A H f I P . D .M . M o lecu le A H f I P . D .M .
2-C M P -4.60 0.48 1.87 2-U M P -10.20 0.58 0 .48
3-C M P -5.00 0.99 2 .36 3-U M P 4.0 7 -0 .02 1.56
cC M P 5.43 0.31 3.01 cU M P 0.38 0.00 -0 .27
2dC M P -2.00 0.50 0 .80 2d U M P -10 .46 0 .64 0 .4 4
3dC M P -1.53 0 .44 2 .7 4 3d U M P -5.08 0.86 2 .2 4
T ab le  8 D ifferen ce  b e tw een  A M I  and P M 3 derived  th erm o d y n a m ic  data.
C o m p a rin g  th e  tw o  sem i-em pirica l m eth od s, there are so m e  differences, a lth o u g h  th ese  are 
m o st ly  w ith in  experim en ta l error. T h e  heats o f  fo rm a tio n  as generated b y  th e  A M I  m e th o d  com p are  w e ll  to  
th o se  generated b y  th e  P M 3 m eth o d , and d esp ite  d ifferences o f  a lm o st 1 eV  in  th e  io n isa tio n  p o ten tia ls , these  
are w ith in  rep orted  experim en ta l error fo r  th e  m e th o d s .107 T h e  h igh  d ip o le  m o m en ts  are d u e to  th e  h ig h ly  
charged p h o sp h a te  group , w h ic h  are to ta lly  u n p ro to n a ted  in  each system .
4.4.2 Aqueous Phase
T h e  aqu eou s phase results detail var iou s en ergy  c o n tr ib u tio n s . T h ese  are m easured  in  kcal
m o l 1 and  include:-
(a) A H e.en th e  e lectro n ic  and nuclear en ergy
(b) A G P p o la r isa tio n  free en ergy  o f  so lv a tio n
(c) A G enp e lectron ic , nuclear and p o lar isa tion  free energy
(d) A G cds cav ity , d isp ersion  and so lv e n t structure free energy
(e) A G p+cds so lv a tio n  free en ergy  o f  th e  so lu te
(f) A G Solv to ta l free en erg y  o f  th e  so lv a ted  sy stem
107 S tew art, J. J. P; Reviews in computational chemistry, (Eds L ip k o w itz , K , B.; B o y d , D .  B.) V C H  N e w  Y o rk , 
1990.
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T h e  d ip o le  m o m en t in  D e b y e , D .M ., and th e  io n isa tio n  p oten tia l in  eV , I.P ,, have also
been reported.
T h e  so lv a tio n  free en ergy  A G P+CDS, o f  th e  cy c lic  p h o sp h a te  derivatives are lo w e r  th a n  all 
the o th er  derivatives. T h is  ind icates that th e  cy c lic  p h osp h ate  can be so lva ted  m o re  read ily  th a n  th e  free  
ph osphate . T h is stab ilisa tion  b y  th e  so lv en t m a y  prov id e  an added in cen tiv e  fo r  th e  cy c lic  p h o sp h a te  to  leave  
the active site  o f  a h o st p ro te in . H o w e v er , th e  b in d ing  en ergy  experien ced  b etw een  th e  p ro te in  and  th e  ligan d  
w ill also d eterm in e  h o w  read ily  th e  ligand leaves th e  active  site. C hapter 6 sh o w s h o w  th e  b in d in g  energies for  
this set o f  m o n o n u c leo tid es  w ere  m easured, and conclu des w ith  a d iscussion  in c lu d in g  th ese  results.
S ystem aA HU 1 1 E-EN bA G P cA G enp a g cds eA G P+CDS fA G Solv D .M . I.P .
2-C M P -422.9 -94.5 -517.3 -18.3 -112.8 -535.6 17.6 -9.9
3-C M P -431.0 -90.7 -521.7 -18.8 -109.5 -540.5 16.6 -9.8
cC M P -348.0 -112.5 -460.5 -14.7 -127.2 -475.2 18.2 -9.7
2dC M P -383.8 -88.4 -472.2 -16.3 -104.7 -488.5 14.0 -9.8
3dC M P -368.7 -105.8 -474.5 -16.5 -122.3 -491.0 18.2 -9 .7
2-U M P -488.7 -88.1 -576.8 -17.3 -105.4 -594.1 11.5 -10.1
3-U M P -481.3 -89.4 -570.6 -15.7 -105.0 -586.3 15.0 -10.0
c U M P -412.1 -101.3 -513.4 -12.8 -114.1 -526.2 14.3 -10.2
2 d U M P -434.3 -70.9 -505.2 -17.5 -88.4 -522.7 12.1 -9 .6
3 d U M P -442.1 -84.0 -526.1 -12.6 -96.6 -538.7 10.2 -9.9
T able 9 A M 1-SM 2 aqu eou s phase results.
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S y stem aA H E.EN bA G p ca g enp dA G CDS eA G P+CDS fA G Solv D M IP
2 -C M P -418.9 -77.3 -496.2 -21.3 -98.6 -517.5 16.0 -9.4
3-C M P -426.9 -72.6 -499.5 -21.1 -93.7 -520 .6 14.3 -9 .4
cC M P -356.8 -82.3 -439.1 -18.2 -100.5 -457.3 18.0 -9.4
2d C M P -382.4 -73.2 -455.7 -18.7 -92.0 -474 .4 13.4 -9.5
3d C M P -372.3 -77.0 -449.4 -18.2 -95.2 -467.5 13.8 -9.3
2 -U M P -479.4 -71.5 -550.9 -18.8 -90.3 -569 .7 11.2 -9 .6
3 -U M P -458.1 -70.5 -528.6 -18.6 -89.1 -547 .2 10.9 -9.6
c U M P -404.0 -78.6 -482.5 -15.6 -94.1 -498.1 13.5 -9 .6
2 d U M P -434.3 -70.9 -505.2 -17.5 -88.4 -522 .7 12.1 -9 .6
3 d U M P -439.7 -63.1 -502.8 -15.7 -78.8 -518 .4 7 .6 -9 .4
T a b le  10 P M 3-SM 3 aqueous phase results.
W ith  th e  ex cep tio n  o f  th e  A M 1-SM 2 result fo r  3 d C M P , th e  d e o x y  derivatives are n o t  
stab ilised  b y  th e  w a ter  as m u ch  as th e  co rresp on d in g  o x y  derivatives. T h is  is due to  th e  lack  o f  th e  2 1 o r  3' 
o x y g e n . T h is  is a n o th er  factor  w h ic h  h elps to  keep  th ese  p o ten tia l in h ib ito rs in  th e  active site  o f  a h o s t p ro te in .
S y stem 'A H e.en bA G P cA G enp dA G CDS cA G P+CDS fA G Solv D M IP
2 -C M P -4.0 -17.2 -21.1 3.0 -14.2 -18.1 1.6 -0 .4
3-C M P -4.0 -18.2 -22.2 2.3 -15.8 -19.9 2 .4 -0.4
cC M P 8.8 -30 .2 -21.4 3.5 -26.7 -17.9 0.2 -0.3
2d C M P -1.4 -15.2 -16.5 2 .4 -12.8 -14.1 0.6 -0.3
3d C M P 3.7 -28.8 -25.1 1.7 -27.1 -23.5 4.3 -0.4
2 -U M P -9.3 -16.6 -25.9 1.6 -15.0 -24 .4 0.3 -0.5
3 -U M P -23.1 -18.9 -42.0 2.9 -15.9 -39.1 4.1 -0 .4
c U M P -8.2 -22.7 -30.9 2.8 -19.9 -28.1 0.9 -0.5
2 d U M P -6.2 -18.1 -24.2 2.9 -15.2 -21.3 0.7 -0.6
3 d U M P -2.4 -20.9 -23.3 3.0 -17.8 -20.3 2.6 -0.5
T ab le  11 D ifferen ce  in  th e  A M 1-SM 2 and P M 3-SM 3 results. (A M 1-SM 2 - P M 3-SM 3).
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4.5 CONCLUSIONS
In su m m ary , th e  derivatives o f  urid ine are m ore  flex ib le  th a n  th e  derivatives o f  cy tid in e . 
T h e nu m erou s co n fo rm a tio n a l states that have been  iso lated  fo r  th e  charge dam ped system s corresp o n d  to  
various o r ien ta tio n s o f  th e  p h osp h ate  and tw isted  ring puckers. T h e  5 '-C H 2O H  group also gives rise to  
additional d istin ct co n fo rm a tio n a l states b y  in teracting  w ith  charge groups at th e  3' p o s it io n  and th e  base is 
free to  adop t d ifferent o r ien ta tio n s w ith  respect to  th e  sugar. S in ce there have been  a large n u m b er  o f  d istin ct  
states iso lated a fu ll analysis o f  all states w o u ld  be to o  tim e  co n su m in g . T h e  m ajor states iso la ted  in  th e  gas 
phase and th o se  that p red o m in a te  in  th e  charge dam ped state are c lo se ly  related to  th e  co n fo rm a tio n  o f  th e  
b ou n d  n u cleo tid e. O f  th e  iso lated  co n fo rm a tio n a l states that do n o t resem ble a b o u n d  co n fo rm a tio n  th e  
predom inant d ifference is in  th e  o r ien ta tio n  o f  th e  base w ith  respect to  th e  sugar. W h en  b o u n d , th e  base has 
very  little  freedom  o f  m o v em en t, w hereas in  an u n b o u n d  state th e  base is g iven  th e  o p p o r tu n ity  to  adop t a 
different p o s itio n . B y  a d op tin g  a d ifferent o r ien ta tio n  th e  r ib ose  takes o n  a d ifferent ring pucker. T h ese  
alternative base co n fo rm a tio n s are m o st p ro lific  in  th e  urid ine system s, and it seem s that th e  charge  
d istr ibu tion  ab o u t th e  uracil base a llo w s fo r  a greater degree o f  freed om  in  th e  ro ta tio n  o f  th e  C l 1 to  N 1  b on d .
T h e  aqueous reaction  field  s im u la tion s and  con fo rm a tio n a l analyses o f  th e  c y c lic  
m on o p h o sp h a tes ind icate that th e y  are stab ilised  to  a h igh er degree in  an aqueous e n v iro n m en t th a n  a n y  o th er  
o f  the n u cleo tid e  derivatives. T h is  m eans that th e  cy c lic  m o n o p h o sp h a te  n u cleo tid es w ill  have a greater  
incen tive  to  leave th e  active site  o f  a h o st p ro te in  than  a n y  o f  th e  o th er  derivatives. O f  cou rse  o th e r  factors  
such  as th e  stren gth  o f  th e  p rotein -ligand  in teraction s w ill greatly  in flu en ce  h o w  easily  a b o u n d  ligand w ill  
leave the active s ite  o f  a p ro te in  and  en ter th e  so lv en t. T h e  m ech an ism  o f  th e  catalysis o f  n u cleo tid es b y  
ribonuclease A  is w e ll established. It is th o u g h t that th e  substrate leaves th e  active  site  o f  th e  p ro te in  after th e  
cy clic  m o n o p h o sp h a te  has been  op en ed , y ie ld in g  a 3 '-m o n o p h o sp h a te  n u cleo tid e. H o w e v e r , th e  active  site  o f  
the p rote in  is n o w  in  a con fig u ra tio n  ready to  catalyse a substrate and there is a m o n o n u c le o tid e  b o u n d  to  th e  
active site. T here w o u ld  seem  to  be n o  reason w h y  th e  p ro te in  can n ot catalyse th e  already b o u n d  n u c leo tid e  b y  
de-protonating  th e  2 '-O H  and p ro to n a tin g  th e  h y d ro x y l group o n  th e  ph osp h ate . In  th is  case th e  catalysis  
w o u ld  be n o n -p rod u ctive . H o w e v er , th e  cata lytic  residues m ust return to  a state w h ere  th e y  can b in d  a n oth er
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n u cleo tid e . It is p o ssib le  that th e  active  s ite  does in d eed  act u p o n  th e  b o u n d  n u c leo tid e  several tim es b efore  it 
leaves th e  active site. T o  further investigate  th is  lin e  o f  th o u g h t and m o re  im p o r ta n tly  to  in vestiga te  th e  
req u irem en ts fo r  an g io g en ic  in h ib ito rs, a series o f  b in d in g  studies have been  co m p leted . T h ese  are detailed  in  
ch apter 6. T h e  fo llo w in g  chapter ex p lores th e  differences b e tw een  rib onu clease  A  and an g io g en in , and  
considers th e  v a lid ity  o f  th e  h o m o lo g y  m o d el o f  a n g iogen in  that is used  fo r  th e  b in d in g  stu d ies in  chapter 6.
1 2 3
Chapter 4: Nucleotides.
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CHAPTER 5 
COMPARING PROTEIN  
STRUCTURES
S u m m a ry : T h e  com p a riso n  o f  a h o m o lo g y  bu ilt m o d e l o f  h u m a n  a n g io g en in  w ith  th e  
recen tly  d eterm in ed  x-ray structure o f  th e  sam e is reported . T h e  basic  details o f  th e  structure in  
term s o f  alpha-helices and  beta  sh eets w ere  fo u n d  to  be c o m m o n . T h e  m ain  d ifferences b e tw e en  
th e  m o d el and  th e  x-ray data lie  in  th e  arrangem ent o f  th e  C -term inu s. In  th e  x-ray  structure  th e  
C -term inu s ends in  a 3,0 h e lix , w h ic h  p u ts th e  residue G L N -1 1 7  (A L A -122  in  b o v in e  pan creatic  
rib on u clease  A , R N a seA ) in to  th e  active  site , w hereas in  th e  h o m o lo g y  m o d e l th e  active  s ite  is 
le ft o p en . T h e  h o m o lo g y  m o d e l w as up dated  b y  p rod u cin g  a n e w  seq u en ce  a lig n m en t u s in g  th e  
in fo rm a tio n  fro m  th e  x-ray data w h ic h  im p ro v ed  th e  r.m .s. b y  O.sA. T h is  n e w  a lig n m en t is also  
rep orted  here. A  ch eck  fo r  sy stem a tic  bias w as carried o u t u sin g  th e  R N a se A  structures fro m  
w h ic h  th e  x-ray and  h o m o lo g y  m o d els  w ere  derived. A  detailed  co m p a r iso n  o f  to r s io n  angles and  
h y d ro g en  b o n d in g  b e tw een  all th e  structures have been  com pared  and  th e  m o d e l d isp lays several 
h y d ro g en  b o n d s that are n o t  present in  th e  parent R N a se A  structures b u t are presen t in  th e  x-ray  
structure o f  ang iogen in .
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A b breviations:
A N G  A n g io g e n in
A M B E R  A ssissted  m o d el b u ild in g  w ith  energy  refinem en t
B C L  B io sy m  C o m m a n d  Language
C H A R M m  C h em istry  w ith  H arvard M acrom olecu lar M echan ics
E C E P P  E m pirical co n fo rm a tio n s en ergy  program s fo r  p rote in s
R N a se A  C rysta l structure o f  b o v in e  pancreatic rib onu clease  A
la n g  C rysta l structure o f  ang iogen in
3rn3 R N a se A  used as th e  basis fo r  angm
5rsa R N a se A  used to  so lv e  la n g
angm  H o m o lo g y  bu ilt structure o f  ang iogen in
r .m .s. R o o t  m ean  square
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5 Comparing Protein Structures
T h is  s tu d y  com pares a h o m o lo g y  m o d el o f  an g io g en in  (A N G ) b u ilt b y  C h en  and  
T o m k in so n 22 (term ed angm ) w ith  th e  crystal structure o f  h u m an  an g io g en in  (B ro o k h a v en 104,105 p r o te in  database  
c o d e  la n g ). In  order to  ch eck  that system a tic  bias does n o t  occu r, th e  A N G  p ro te in s, angm  and la n g , are also  
co m p a red  w ith  tw o  rib onu clease  A  (R N aseA ) crystal structures. T h e  first o f  th ese  w as used  in  th e  h o m o lo g y  
b u ild in g  fo r  con stru ctin g  angm , and  has th e  B ro o k h a v en  en try  co d e  3 rn 3 10S. T h e  seco n d  w as u sed  fo r  m o lecu lar  
rep lacem ent to  so lv e  th e  structure o f  la n g , and has a B ro o k h a v en  en try  co d e  o f  5rsa109.
5.1 METHODOLOGY OF PROTEIN COMPARISON
T h e  fo llo w in g  se c tio n  describes h o w  th e  p ro te in  structures w ere  prepared  b efore  a n y  
co m p a riso n s co u ld  b e  m ade. T h is  in v o lv ed  th e  generation  o f  a n e w  sequ en ce a lign m en t w h ic h  reduces th e  error  
in  com p a rin g  th e  tw o  structures o f  an g iogen in . B efore d iscussing th e  co m p a ris io n  o f  th e  structures it  is 
n ecessary  to  k n o w  th e  sou rce  o f  th e  data used  in  th e  stu dy .
5.1.1 Homology Studies Of Angiogenin
T h e  angm  structure o f  A N G  is th e  seco n d  su ch  h o m o lo g y  m o d e l to  be p rod u ced , th e  first 
b e in g  c o m p leted  b y  P alm er et al110 in  1986. A  recen t co m p a riso n 111 o f  P alm er's earlier m o d e l w ith  th e  n o w  
released x-ray  data has b een  pu b lish ed . T h e  co-ord inates o f  th is earlier m o d e l have n o t  b een  released, and  
th erefo re  n o  in -depth  co m p a riso n  o f  th e  tw o  m o d els can be m ade. T h is  m o d e l u sed  th e  E C E P P  p rogram  w h ic h  
h o ld s b o n d  len gth s and angles fixed , o n ly  a llo w in g  to r s io n  angles to  v a iy . F o r  th e  angm  m o d e l th e  C H A R M m  
force  fie ld  w as used , w h ere  all param eters (inc lu d in g  b o n d  len gths and b o n d  angles) w ere  a llo w ed  to  vary . T h e
108 H o w lin , B.J.; M o ss, D .S .; H arris, G .W . Acta. Cryst. Sect. .A 1989, 45, 851.
109 W lo d a w er , A .; S jo lin , L . Biochemistry 1983 , 22, 2720.
110 P a lm er, K .A .; Scheraga, H .A .;  R iordan , J.F.; V allee , B .L . Proc. Nalt. Acad. Sci/ USA 1 9 86 , 83, 1965.
111 A lle n , S .C .; A charya , K .R .; P alm er, K .A .; Shapiro , R.; V allee , B .L .; Scheraga, H .A . / .  Prot. Chem. 1994 , 13, 
649.
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E C E P P  form alism  inclu des n o n -b o n d ed  in teraction s in  term s o f  Lennard-Jones 12-6 p o ten tia ls , h y d ro g en  
bon ds are described b y  a 12-10 p o ten tia l and to rs io n  poten tia ls abou t p ep tid e  side-chains and  end-group bon d s. 
B ond  len gths and angles are fix ed  at standard values, characteristic o f  each ty p e  o f  a m in o  acid  residue. T h e  force  
field  has been described  in  th e  literature in  detail, fo r  exam ple see Sippl, N e m e th y  and Scheraga 1984 m .
It w as o n e  o f  C h en  and T o m k in so n 's  aim s to  see if  a llo w in g  all bon d s, angles and to rsio n s  
to  vary w o u ld  cause a n y  sign ifican t differences in  th e  co n stru ctio n  o f  a n e w  m o d el. T h e  E C E P P  argum ent says 
that i f  b o n d  len gths and angles are a llo w ed  to  vary  th en  energy  m in im isa tio n  can be ach ieved  b y  v a ry in g  a 
b on d  angle. W h en  a b o n d  angle is varied  th e  resu ltin g  en ergy  change is d ifficu lt fo r  m o lecu lar  m ech an ics en erg y  
m in im isa tio n  to  rem ove. T h is energy  co u ld  m o re  easily  be taken  o u t b y  varyin g  to r s io n  angles. H e n c e  
a llow in g  b o n d  angles and  len gth s to  vary  m a y  result in  incorrect con fo rm a tio n s. T h e  a lternative  argum ent is 
that if  b o n d  len gths and angles are fix ed  th en  th e  o n ly  w a y  to  relieve repulsive n o n -b o n d ed  in teraction s is b y  
change o f  to r sio n  angles, w h ic h  can give rise to  an artificial m olecu lar  co n fo rm a tio n , e.g . W h ite , R u d d o ck , and  
E dgin gton  1989 ll3.
5.1.2 Preparation Of The Structural Data
W h en  co m p arin g  an y th in g  it  is essential to  e lim inate  all factors, ex cep t th o se  b e in g  
studied , that m ay co n tr ib u te  to  th e  en d  results. F o r  th e  co m p arison  o f  tw o  sim ilar p rote in s th is m eans ensu ring  
that all th e  references to  all th e  a tom s used  in  th e  co m p arison  reference th e  exact equ iva len t a tom s in  b o th  th e  
p rotein s be ing  com pared . F o r  tw o  different co n fo rm a tio n s o f  th e  sam e p ro te in  th is s im p ly  m eans ensu ring  th e  
atom  and residue nam es, o x id a tio n  states o f  ind ividual residues and a to m  orders are identica l fo r  b o th  p ro te in s,  
such that th e  o n ly  d ifference in  th e ir  structure files is th e  a to m ic  co-ord inates. T o  com p are  tw o  different 
proteins a n oth er  co m p lica tio n  is added, th e  d ec ision  as to  w h ic h  atom s m atch  in  th e  tw o  p ro te in s. F o r  th e  
p rotein s com pared  in  th is stu d y , so m e  120 or  so  residues, or  around 2000  atom s, th is w as n o  triv ia l task . T o  
break th e  p ro b lem  d o w n , th e  first step  w as to  decide u p o n  an accurate sequ en ce a lign m en t w h ic h  m atch es th e
112 S ippl, M .J.; N e m e th y , G .; Sheraga, H .A . / .  Phys. Chem. 1984, 88, 6231.
1,3 W h ite , D .N .J .;  R u d d o ck , J .N .;  E d g in g to n , P .R .; M olecu lar M echan ics. Computer-Aided Molecular Design ed.
R ichards, W .G .; IB C  T ech n ica l Services L td. L o n d o n , 1989.
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m ajor secon d ary  structural features o f  th e  tw o  p rote in s. A n  early sequ en ce  a lig n m en t, u sed  fo r  b u ild in g  angm , 
w as in itia lly  im p lem en ted , th e n  later as th e  d ifferences in  th e  secon d ary  structural features becam e m o re  
apparent, an o th er  m o re  accurate sequ en ce a lign m en t w as p rop osed . It is an easier task  to  m a tch  ind iv idu al 
a to m s in  th e  tw o  p ro te in s o n c e  th e  pairing o f  ind iv idu al residues is k n o w n . It is th e n  a s im p le  m atter  o f  
c o m p a rin g  th e  pairs o f  residues o n e  b y  on e . S in ce n o t  all a tom s w ill  have an eq u iva len t, and  so m e  m a y  have  
m u ltip le  equiva len ts, a co m p a riso n  set o f  a tom s w as produ ced . O n c e  a tab le  o f  a to m  equ iva len ts had  been  
decid ed  u p o n , a d irect co m p a riso n  co u ld  b e  d o n e  at an y  leve l, w h o le  p ro te in , ind iv idu a l residues o r  righ t d o w n  
to  ind iv idu al a tom s.
5.1.2.1 Standardising The Residues
T h e  fo u r  p ro te in  structures w ere  derived  b y  d ifferent research groups, u s in g  d ifferent 
m eth o d s, and  reso lved  to  d iffering  levels o f  accuracy. C o n seq u en tly  each  structure has b een  w r itte n  in  a 
different s ty le , so  th e  first task  w as to  present th e  structural in fo rm a tio n  fo r  each  p ro te in  in  a standard and  
equ iva len t m anner. T h ese  preparations in v o lv e  firstly  th e  add ition  o f  h y d ro g en s to  th e  crystal structures w h ere  
h y d ro g en s had n o t  been  resolved; se c o n d ly  th e  charge state o f  basic and  acid ic  residues th r o u g h o u t each en tire  
p r o te in  w ere  set to  th e  o x id a tio n  states exp ected  at neutral p H ; th ir d ly  th e  a to m  orders and n a m in g  sch em es  
w ere  standardised.
5.1.2.2 A ddition  O f  Hydrogens
T h e  reso lu tio n  o f  th e  crystal structures used  w ere  in su ffic ien t to  lo ca te  h y d ro g en  
p o s it io n s , b u t, h yd ro g en s n eeded  to  be added su ch  that th e  va lence rules w ere  o b e y e d  in  th e  so ftw a re  used . T h e  
errors associated  w ith  th is p roced u re  are o n ly  ev id en t in  th e  all a to m  r .m .s d ev ia tio n  co m p a riso n s w h ere  
h y d ro g en s are com p ared  a lon g  w ith  all o th er  atom s. S ince hyd rogen s w ere  ig n o red  fo r  th e  h e a v y  a to m  and  
b a ck b o n e  r .m .s ca lcu lations, an e stim a tio n  o f  th e  degree o f  d ifference in  expressing  h y d ro g en s c o u ld  be  
d eterm in ed . T h e  h o m o lo g y  m o d el o f  a n g iogen in  w as generated u sin g  Q u a n ta  3 .0  b y  P o ly g e n  and  C H A R M m
2 1.3  114, th u s h y d ro g en s w ere  already sp ec ified  in  th is  structure. F o r  th e  o th er  th ree  p ro te in s, th e  a d d itio n  o f
114 B ro o k s, B .R .; B ruccoleri, R .E .; O la fso n , B .D .; States, D .J.; Sw am inathan , S.; K arp lus, M . / .  Comput. Chem.
1983 , 4, 8234.
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h yd rogens w as d o n e  a u to m a tica lly  b y  a capping process in  Insight II us. T h is  m e th o d  adds h y d ro g en s to  
un filled  va len ces as d eterm in ed  b y  ex istin g  b on ds and g eo m etry . T h is  w o rk s w e ll  fo r  th e  m ajo rity  o f  residue  
types, bu t so m e  needed  m o d ifica tio n  to  th e ir  p r o to n a tio n  states, after h y d rogen s w ere  added.
5.1.2.3 Oxidation States O f  Charged Residues
T h e  parts o f  th e  p ro te in  that needed  to  be m o d ified  w ere  all th e  L ys, A rg , A sp  and  G lu  
residues. A ll L ys and A rg  residues w ere  p ro to n a ted  and all A sp  and G lu  residues d eprotonated . M o st o f  th e  H is  
residues w ere  left neutral, w ith  a h y d ro g en  o n  th e  delta n itrogen  in  preference to  th e  ep silo n  p o s it io n . T h e  
ex cep tion  to  th is w ere  th o se  that are in v o lv ed  in  r ib o n u c leo ly tic  a ctiv ity . H i s l l 9  ( H is l l 4  in  angiogen in ) w as 
p roton ated  at b o th  th e  delta and  ep silo n  n itrogen s, and  H is l2  (H is l3  in  angiogen in ) w as set neutral w ith  a 
p ro to n  at the delta n itrogen . T h is  is co n sisten t w ith  th e  accepted m ech an ism  o f  a c tio n  o f  R N a se A  116. T h e  
atom  typ es, ty p in g  rules and residue tem p la te  rules fro m  th e  A M B E R 70,71 force  fie ld  as im p lem en ted  u n der  
Insight II, w ere used  to  ch eck  each p ro te in . T h is  loca ted  a n y  u n k n o w n  and therefore  p o te n tia lly  erron eou s  
residues caused b y  incorrect m o d ifica tio n s to  th e  a to m  and residue nam es. In order to  fu lly  satisfy  th ese  ty p in g  
rules lo n e  pairs w ere  added to  all C y s  and  M et residues. T h ese  lo n e  pairs w ere  in c lu d ed  in  th e  r .m .s. 
com parisons as th e y  help  to  p ro v id e  in fo rm a tio n  o n  th e  o r ien ta tio n  o f  th e  d isu lph id e bon ds.
5.1.2.4 Re-Ordering A  nd Re-Naming A  toms
D u rin g  th e  add ition  o f  h yd rogens and m o d ifica tio n  o f  th e  basic and acid ic residues, th e  
order o f  so m e  o f  th e  a tom s in  th e  structure files had been  altered. T h e  order and ev en  n am in g  o f  th e  added  
hydrogens needed  to  be set to  a standard form at. A lso  d ifferent c o n n e c tiv ity  libraries w ere  used  in  th e  x-ray  
refinem ent program s and A M B E R , especia lly  fo r  iso leu cin e  residues w h ere  th e  order o f  delta carbons ten d ed  to  
v a iy . T herefore  th e  final m o d ifica tio n s m ade to  th e  p ro te in  data files w ere  to  re-order and  re-nam e th e  a tom s  
for each residue ty p e  in to  a standard order th ro u g h o u t fo r  all fou r  p rote in s. T h is  also m eant up dating  th e  
c o n n ec tiv ity  tables. O n c e  th is w as d o n e  th e  tw o  R N a se A  structure files w ere  identica l save fo r  nam e and  
co-ord inates, as w ere  th e  tw o  an g iogen in  co-ord in ate  files. A t  th is stage a p re lim in ary  com p a riso n  o f  th e  tw o
1,5 B uilder m od u le . Insight II User Guide, v ers io n  2.3.0; B io sy m  T ech n o log ies: San D ie g o  1993.
116 Fersht, A . Enzyme structure and mechanism 2nd Edn.\ W .H . F reem an  and C o .: N e w  Y o rk , 1985.
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pairs o f  p ro te in s w ere  m ade (see tables 12 and  13 b e lo w ) to  ch eck  th e  a to m  re-ordering, and  to  ensu re th e  tw o  
pairs o f  p ro te in s w ere  su perim posab le. S ince th e  pairs o f  p ro te in s, ( la n g  angm ) and (5rsa 3rn3), c o u ld  be  
d irectly  overla id  a to m  b y  a to m  w ith  n o  errors th e  p ro te in  files had been  c o rrec tly  prepared.
M o d e  o f  co m p a riso n R .M .S . D e v ia t io n  (A) N u m b e r  o f  A to m s
A ll a to m 4.6 1970
H e a v y  a to m 4.2 993
B ack b on e 3.1 492
T a b le  12 R .M .S . co m p a riso n  b e tw een  A n g io g e n in  m o d els (native versus m odel)
M o d e  o f  C o m p a riso n R .M .S . d ev ia tio n  (A) N u m b e r  o f  a tom s
A ll a to m 1.2 1872
H e a v y  a to m 0.8 951
B ack b on e 0.2 496
T ab le  13 R .M .S . com p a riso n  b e tw een  R ib o n u c lea se  A  structures (3rn3 versus 5rsa)
5.1.2.5 Sequence A lignm ent
T h e  m o st im p o rta n t task  in  com parin g  tw o  different p ro te in s w as d ec id in g  h o w  to  best 
align  th e  sequ en ces o f  th e  tw o  d ifferent p ro te in s. A  p o o r  sequ en ce a lig n m en t w o u ld  o v er  estim ate  th e  
differences b e tw e en  th e  p ro te in s com pared . T h e  co m p arison  started u sin g  th e  sequ en ce  a lig n m en t used  fo r  
b u ild in g  th e  h o m o lo g y  m o d e l angm , b u t it  becam e apprarent that th is  a lign m en t d id  n o t  acco u n t fo r  th e  
v a r ia tio n  in  seco n d ary  structure a b ou t th e  C -term inu s and cell b in d in g  site  o f  A N G . W ith  th e  crystal 
structures o f  a n g iogen in  and R N a se A , it  w as p o ssib le  to  overlay  th e  b a ck b o n e  o f  th e  tw o  p ro te in s. B y  lo o k in g  
at se lected  p o r tio n s  o f  th e  tw o  chains and  ov er la y in g  th em , it  w as p ossib le  to  arrive at a m u ch  m o re  accurate  
seq u en ce  a lign m en t th a n  b y  con sid er in g  th e  p ro te in  sequences a lone . T h e  n e w  seq u en ce  a lig n m en t w as  
d eterm in ed  b y  direct co m p a riso n  o f  th e  m ain  chain  c o n fo rm a tio n  o f  R N a se A  and  A N G  o n  a residue b y  
resid ue basis. In sertion s and  d eletio n s w ere  p o s it io n ed  so  as to  realign  th e  sequ en ce  w ith  th e  least r .m .s. 
d ev ia tio n  fo r  th e  sec tio n  b e in g  com pared .
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5.1.2 .6 Matching A  toms On The Residue Level
In order to compare a RNaseA structure to an ANG structure a subset of conserved atoms 
was generated for each protein. This was done for the two sequence alignment cases; a) the original sequence 
alignment used to generate the homology model angm; b) the alignment based on a 3D alignment. Firstly, the 
conserved residues from the sequence alignment were added. Secondly, the backbone atoms of non-conserved 
residues were added. Finally, the conserved sidechain atoms of non-conserved residues were added, noting the 
extent of sidechain similarity. For example, Lys compared to Asp are similar up to the gamma carbon, but 
after this point Asp has two oxygens whereas Lys continues with a methylene. Here the beta carbon and the 
two beta hydrogens, plus the gamma carbon, were included in the comparison. For all four proteins a 
conserved atom list of 1297 atoms (1346 for the original alignment), including hydrogens, was generated. 
Angiogenin itself has 1970 atoms so this represents a similarity of 65.8% on an atom by atom comparison.
5.1.3 Data Collection
Most of the data collection for the comparison was automated using simple macros 
written in the Biosym Command Language 117 (BCL) for Insight n. For each protein a subset of atoms was 
generated which contained all conserved atoms. Subsets in Insight II can be compared on a molecule, residue or 
atom level, thus this functionality was chosen for the basis of most of the comparisons. Each subset was 
written directly into the structure files, as a macro to generate the subsets was too computationally intensive to 
be practically used. Therefore, each subset was checked and re-checked for errors in a systematic manner.
5.1.3.1 R.M. S. Comparison O f  The Entire Protein
A filter can be introduced to the superposition program in Insight II such that only atoms 
of a certain type are included in a given comparison. The filter allows for "all atom", "heavy atom" and 
"backbone" atoms to be compared. This means that for the "all atom" comparison every atom specified in the 
subset would be compared; for the "heavy atom" comparison all atoms except hydrogens specified in the subset
117 Insight II Users Guide version 2.3.0. Biosym Command Language - chapter 10. San Diego: Biosym 
Tecgnologies, 1993.
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would be compared; and for the "backbone" comparison all atoms with names CA, N, C and O (i.e. those on 
the main chain) of the subset would be compared. The superimposition program orients a target atom set onto 
the source atom set, using successive translations and rotations. This orientation continues to minimise the 
r.m.s. deviation until no appreciable change occurs. The final r.m.s. is then recorded.
5.1.3.2 R.M.S. Comparisons By Residue
Comparison on a residue by residue basis was a little more involved, hence a macro was 
written to simplify and to automate the process. The macro starts with the filename of two protein structure 
files, the names of the subset of conserved atoms in each structure file, a control file listing the residues to be 
compared, the number of residues to compare and the mode of comparison. The control file lists line by line 
the residue number of the first protein and its corresponding residue in the second protein. A formatted output 
file lists the results of the r.m.s. comparison for each set of residues.
The macro starts by initialising the environment, reading in the AMBER force field, 
writing a header to the output file, and reading in the two protein structures. The algorithm is very simple; 
read the control file to get the next two residue numbers; create two subsets of atoms, one for each residue to 
compare; compute the r.m.s. deviation; record the comparison in the output file; delete the two subsets and 
loop back until all residues have been compared.
The mode of comparison is controlled by a variable that is passed to the macro in it's 
controlling parameters. This allows successive calls of the macro to perform the comparison in a different 
mode, either "all atom", "heavy" or "backbone", as detailed above. This macro was externally controlled by 
another macro which varied the mode of comparison, such that all modes of comparison could be computed 
for a given set of residues at one time and submitted as a batch job. This controlling macro could even perform 
comparisons of other proteins, provided the control files were present.
5.1.3.3 Backbone Dihedral Comparisons
As with the residue by residue r.m.s. comparison the dihedral angles were compared using 
an automated macro. The main problem was how to account for regions where the backbone of the two
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proteins differed, and how to compare one dihedral angle to another. The solution to this was to calculate all 
backbone dihedral angles and work out which ones not to compare later, when it came to the analysis. This 
simplified the writting of the macro, which now only needed a sequential atom list for each protein as a 
control file. This control file was simply a list of atom names for all the backbone N, CA and C atoms of each 
residue of the protein in order. The algorithm for the macro is as follows:-
Initialise the AMBER force field environment, read in the protein data file and set up the 
output file. The first four atoms, describing the first dihedral angle, are read into an array. The macro now 
enters a loop; the current dihedral angle is computed; the comparison is recorded in the output file, this 
decribes a PSI torsion angle (the first backbone dihedral angle that can be recorded from the N-terminus); three 
atoms are pushed along the array overwritting the oldest and a new atom is added at the other end; the new 
dihedral angle is computed and recorded as an OMEGA dihedral angle, again the atoms are pushed along the 
array, and a new atom added to the set; the new dihedral angle is recorded as a PHI dihedral angle, and the 
atoms in the array are updated, adding the next atom from the control file.
Figure 42 Diagram of the PSI, OMEGA and PHI dihedral angles along a protein backbone from the 
N-terminus.
The loop then returns to its starting point, and continues until it has recorded the PSI, 
OMEGA and PHI (see figure 42 below) dihedral angles for all residues. The sequential nature of the control file 
ensures that only dihedral angles of consecutively bonded atoms are recorded.
5.1.3.4 Hydrogen Bond Comparison
A set of hydrogen bonds was generated for each protein to compare conserved secondary 
structural features. The hydrogen bonds were measured with an angle cut off of 120°, and distance cut offs of
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2 .5A between donor hydrogens and nitrogen, oxygen and sulphur acceptors. The donor and acceptor atoms 
along with the hydrogen bond distances and angles were recorded for analysis.
5.2 RESULTS
RNaseA K E T A A A IC F E R l ° Q H M D s s T S A A70 S s S
angm Q D N S R Y T H F L10 T Q H Y D A K P Q G20 R D D
lang Q D N S R Y T H F L10 T Q H Y D A IC P Q G20 R D D
RNaseA N Y C N Q M M30 IC S R N L T K D R C40 K p V N T F V
angm Y C E s I M30 R R R G L T S P c K« D 1 N T F I
lang R Y c E s I M30 R R R G L T S P c K4° D 1 N T F I
RNaseA H E s50 L A D V Q A V C S Q 6 0 K N V A C K N G
angm H G N K50 R S I K A I C E N IC60 N G N P H R E
lang H G N K50 R S I K A I C E N K60 N G N P H R
RNaseA Q -p70 N C Y Q S Y S T M s80 I T D C R E T G S s90 K Y
angm N L R70 1 S K S S F Q V T rp80 C K L H G G S P W
lang E N L R70 1 s K S s F Q V T »p80 C K L H G G s P W
RNaseA p N C A Y K T >plOO Q A N K H I I V A C110 E G N p Y V
angm p 5 0 P c Q Y R A T A G plOO R N V V V A C E N G11# L
lang p 9 0 P c Q Y R A T A G pioo R N V V V A C E N G no L
RNaseA P V H pl20 D A S V
angm P V H L D Q S I p l2 0 R R P
lang P V H L D Q S I p!20 R R P
Table 14 Sequence alignment for RNaseA against the sequence alignment used to build the homology model of 
angiogenin and the sequence alignment of the angiogenin crystal structure to RNaseA from a three dimensional 
point of view.
The comparisons of the proteins as a whole and by residue have been carried out using the 
two sequence alignments for angiogenin to RNaseA. The first is the sequence alignment used to build angm, 
which was based on the amino acid sequences and results of mutagenesis studies. The second is one based on 
the three dimensional overlay of backbone atoms for the two proteins. Each comparison has been carried out 
using a subset of atoms for each protein which corresponds to the conserved atoms between angiogenin and 
RNaseA for these sequence alignments, see table 14.
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5.2.1 R.M.S. Deviations After Superposition
To check if the hydrogens added to the crystal structures significantly influenced the 
overall r.m.s. deviation, the superpositions have been carried out with an all atom and a heavy atom mode 
where hydrogens are ignored. To check for tertiary structure agreement a backbone comparison was used 
where all sidechains are neglected.
5.2.1.1 Protein Vs. Protein Comparison
Sequence alignment taken from - difference
Homology model 3D structure Homology - 3D
lang 5rsa 3rn3 lang 5rsa 3rn3 lang 5rsa 3rn3
angm All 3.55 1.65 1.52 3.07 2.27 2.20 0.48 -0.62 -0.67
Heavy 3.25 1.41 1.36 2.89 2.13 2.11 0.36 -0.72 -0.75
Backbone 2.93 1.29 1.30 2.77 2.11 2.12 0.16 -0.82 -0.82
all-heavy 0.30 0.23 0.16 0.18 0.14 0.08
3rn3 All 3.52 0.83 2.47 0.84 1.05 -0.01
Heavy 3.24 0.47 2.19 0.47 1.05 -0.01
Backbone 2.93 0.18 2.03 0.18 0.90 0.00 7.00
all-heavy 0.28 0.36 0.28 0.36
5rsa All
Heavy
Backbone
all-heavy
3.51
3.25
2.93
0.27
2.44
2.18
2.02
0.26
1.07
1.06
0.91
Table 15 Conserved atom superpositions, R.M.S. deviations in A  using the sequence alignment determined for 
the homology model, and by 3D structure comparison.
The addition of hydrogens to the crystal structures lang, 3rn3 and the missing hydrogen 
data in 5rsa, increases the r.m.s. deviations in the comparisons, see table 15, by the range 0.08 to 0.36A. This 
indicates that the addition of hydrogens to the models causes the structures to deviate more. This increase is 
only significant in the comparison of the two RNaseA structures, where the increased deviation represents 43% 
of the entire r.m.s. deviation. This deviation is due to a difference in hydrogen models; 5rsa has some 
hydrogens determined by neutron diffraction, whereas all hydrogens for the 3rn3 structure were placed in
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calculated positions. The increase in deviation for other comparisons was found to be insignificant, considering 
about 600 hydrogens have been added to the overall structure.
The two sequence alignments show two trends. The first trend appears in both sequence 
alignments used, and shows that angm is more similar to RNaseA than to lang. However, the second trend 
seen in the sequence alignment based on the 3D backbone overlay of the two proteins shows that there is an 
increase in the deviation between angm and RNaseA, and a decrease in the deviation of angm to lang. This 
indicates that although angm was built by homology to RNaseA a more accurate sequence alignment reveals an 
increase in similarity to lang.
Analysis of the heavy atom and all atom superpositions indicates that the major differences 
in the proteins come from the tertiary or backbone structure and not sidechain conformations. Although 
sidechains do cause deviations the majority of sidechains are not in conserved positions, and therefore cause a 
uniform deviation. The notable exception to this is the comparison of the two RNaseA structures 5rsa and 
3rn3 where the backbones are almost identical, and the only major deviations occur in sidechain 
conformations. Table 15 shows that the two RNaseA structures are the most similar, as expected. An all atom 
comparison of the conserved atom set gives an r.m.s. deviation that is less than lA , The structure of angiogenin 
built by homology to RNaseA is more similar to the RNaseA structure that was used to generate it, and has a 
higher deviation from the reported crystal structure of angiogenin (lang). The crystal structure of angiogenin 
itself is markedly different from all the other three protein structures, indicating that despite a high homology 
to RNaseA, main chain and sidechain positions on a global scale are distinctly different. For a more in depth 
comparison, the differences have also been calculated on a residue by residue basis.
5.2.1.2 Residue By Residue Comparison
Several tertiary features of RNaseA are slightly different in the corresponding angiogenin 
sequence. Some of these features have been correctly modelled in angm but not others. There are three helical 
regions in RNaseA, and these occur in almost identical positions in angiogenin. For these regions the main 
deviation in the backbone sequence occurs at the turns into and out of the helices. Similarly the beta sheet
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regions are highly conserved, though some distinct differences do appear. Refer to figures 43, 44, and 45 to 
follow the following differences.
Residue numbering (Angiogenin)
Figure 43 Graph of r.m.s. deviation in A of the co-ordinates by superposition of lang and angm, conserved 
atoms only, backbone and all atom representation.
Figure 44 Graph of r.m.s. deviation in A  of the co-ordinates by superposition of 5rsa and lang, conserved 
atoms only, backbone and all atom representation.
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Figure 45 Graph of r.m.s. deviation in A  of the co-ordinates by superposition of 3rn3 and angm, conserved 
atoms only, backbone and all atom representation.
RNaseA (SER-15 to ASN-24); ANG (ALA-16 to ARG-24)
There is significant backbone deviation due to a flexible loop region, connecting 
the first two helices.
RNaseA (ASN-34 to CYS-40); ANG (GLY-34 to CYS-39)
Following the second helix there is another loop region which leads into a 
strand of beta sheet incorporating a 4-turn in RNaseA and a 3-turn in 
angiogenin, held in place by a disulphide bond. This region is flexible enough to 
cause significant differences between angiogenin and RNaseA.
RNaseA (GLU-49); ANG (GLY-48)
Here there is a transition from a sheet region into a helix. In this short region 
GLY-48, angiogenin, is twisted with respect to GLU-49, RNaseA, causing a 
significant r.m.s deviation.
RNaseA (SER-59 to GLN-60); ANG (GLU-58 to ASN-61)
1 3 9
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Here there is a 4-turn in angiogenin which is not present in RNaseA.
RNaseA (ALA-64 to THR-70); ANG (ARG-66 to GLU-67)
RNaseA has an extended beta sheet with a 3-turn coming back to align with the 
angiogenin backbone at residue GLU-67 in angiogenin, THR-70 in RNaseA.
RNaseA (GLU-86 to ASN-94); ANG (LEU-83 to PRO-91)
Here there is another flexible loop region in angiogenin, which corresponds to a 
beta turn and beta sheet in RNaseA, and this gives rise to significant r.m.s. 
deviation.
RNaseA (CYS-110 and VAL 116); ANG (CYS-107 to LEU-111)
RNaseA has a more extended beta sheet ending in a 5-turn, whereas in 
angiogenin there is a 3-turn.
5.2.1.3 Comparison O f  A ctive Site By R.M.S
The r.m.s. values are lower for the active site residues alone, thus indicating a higher 
degree of similarity within the active site for the proteins compared. The r.m.s. values of superimposed active 
site residues, refer to table 16, show a similar trend to the comparison of the proteins as a whole. Angm's active 
site is more similar to the active site conformation of both RNaseA structures, and lang is markedly different 
to both our model (angm) and to RNaseA. However, when angm was constructed the C-terminal 
conformation was unknown. This, combined with unexpected sidechain conformations on residues such as 
GLU-117 in angiogenin, causes the majority of the differences seen in our model.
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Angiogenin residues 13, 40, 42, 43, 44, 114,115, 116, 118
RNaseA residues 12, 41, 43, 44, 45, 119, 120, 121,123
lang 5rsa 3rn3
angm atom 2.52 1.29 1.08
heavy 2.16 0.82 0.78
backbone 1.83 0.50 0.51
3rn3 atom 2.33 0.89
heavy 2.02 0.43
backbone 1.75 0.13
5rsa atom 2.25
heavy 1.97
backbone 1.72
Table 16 Comparison of active site residues of ANG and RNaseA proteins by r.m.s deviation.
5.2.2 Torsion Angles
Comparing the phi and psi backbone torsion angles for the proteins produces similar 
patterns to those seen in the r.m.s. deviation data (refer to figure 46). As expected the comparison of 3rn3 to 
5rsa yields a veiy close match to the torsion data. The highest differences in the phi and psi angles being less 
than 30°, with an average difference of less than 5°. The comparison for the angiogenin and RNaseA torsion 
angles yields differences that range up to 180°.
1 4 1
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R e s i d u e  n u m b e r i n g  ( A n g i o g e n i n )
Figure 46 Graph of backbone psi and phi torsion angle (°)
differences for angm and lang.
These large differences occur in flexible loop regions, and in places where the homology of 
angiogenin to RNaseA breaks down. In the region 64-70 in RNaseA the sequences cannot be aligned so this 
region is left blank in the figure. Conserved regions in the backbone structure are easily picked out as areas of 
low torsion angle difference between the proteins compared. As with the above comparison on r.m.s. deviation 
these regions occur where helices and beta sheet are matched between angiogenin and RNaseA.
5.2.3 Intramolecular Hydrogen Bonds
The hydrogen bonding data helps to pick out regions where the secondary structure of the 
proteins under study differ. If a sheet region is extended or a helix is a different length, then the hydrogen 
bonds should indicate this. The loop regions will be indicated as areas of no intramolecular hydrogen bonding, 
a sheet region will connect strands of protein that run parallel to each other, and a helix will have sections of 
backbone that form hydrogen bonds to residues that are four units back. All these features can be picked out 
and compared.
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5.2.3.1 Backbone Hydrogen Bonding
Backbone hydrogen bonds are highly conserved within helical and sheet regions of 
angiogenin and RNaseA. For the first helix THR-3 to MET-13 of RNaseA, SER-3 to TYR-14 in angiogenin, 
the hydrogen bonds of the two RNaseA backbones are identical, as expected, lang has hydrogen bonds in all 
equivalent positions and also has three extra ones. One of these extra hydrogen bonds is conserved in our 
model (angm), and represents an extended helix from the start of the chain from residues GLN-1 and ASP-2. 
The second helix, SER-21 to ARG-33 of RNaseA, ASP-22 to ARG-33 of angiogenin, again shows a high degree 
of conservation in hydrogen bond positions. Of those seen in the RNaseA structures only one hydrogen bond 
is absent on comparison between the two RNaseA structures and this occurs in 3rn3. lang matches hydrogen 
bonds in all equivalent positions in the RNaseA backbone in this region, and angm conserves all but one. 
Angm also makes three inter-helical hydrogen bonds which do not appear in any of the other three proteins. 
The last conserved helix, SER-50 to GLU-60 in RNaseA, ASN-49 to GLU-58 in angiogenin, is very highly 
conserved, the only minor differences being at the start of the helix.
The sheets are also highly conserved with 38 hydrogen bonds being made and conserved in 
both RNaseA structures, with only 3 hydrogen bonds not being matched, lang matches to 29 of these 38 
hydrogen bonds and angm matches to 28. The differences seen between lang and RNaseA occur at three 
separate places. The first of these, ALA-64 to ASN-71 in RNaseA, ARG-66 to ASN-68 angiogenin, corresponds 
to the putative cell binding site of angiogenin118. The second, GLY-88 to ALA-96 in RNaseA, GLY-85 to 
GLN-93 in angiogenin, corresponds to a flexible loop in angiogenin but a turn and beta sheet in RNaseA. The 
last difference is at residues ALA-122 to VAL-124 in RNaseA, GLN-117 to ILE-119 in angiogenin, here the 
C-terminus of lang is poorly defined and is therefore expected to be different. The homology model structure, 
angm, has similar differences to the RNaseA structures, the first at GLN-60 THR-70 RNaseA, GLY-62 to 
GLU-67 angiogenin, also corresponds to the cell binding site though this difference covers more residues. The 
second region of difference for angm falls in an almost identical position to one the seen in lang at GLY-88 to 
PRO-93, GLY-85 to PRO-90 angiogenin, and also corresponds to a loop region in angm. The last difference for
1,8 Moroianu, J.; Riordan, J.F. Proc. Natl. Acad. Sci. USA 1994, 91:5, 1677.
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angm is from GLU-111 to VAL-116, GLU-108 to LEU-111 in angiogenin, and would appear to coincide with 
another portion of angiogenin thought to be involved in cell binding. However, lang shows no appreciable 
difference in hydrogen bonds made in this region compared to RNaseA.
5.2.3.2 A  ctive Site Hydrogen Bonds
There are differences in the hydrogen bonding to the active site residues in RNaseA and 
angiogenin. This is a consequence of the C-terminal rearrangement noted in the angiogenin crystal structure. 
As there was no information about this rearrangement when our model was built, our model therefore more 
closely resembles the RNaseA case than that seen in the angiogenin crystal structure, lang. As noted, in 
RNaseA the catalytically important LYS-41 makes no hydrogen bonds or salt bridges in either our model or 
the angiogenin crystal structure. Interestingly our model correctly predicts the hydrogen bonding supporting 
network in the vicinity of THR-45, although hydrogen bonds to the sidechains from the C-terminus to this 
region are not conserved between our model and the angiogenin crystal structure. One interaction that is 
present in our model and the angiogenin crystal structure, but not in the corresponding RNaseA structures, is 
a backbonding hydrogen bond from the side-chain of GLU-67 to the backbone of residue N H  of GLU-67. 
This residue's equivalent at this position in RNaseA is a THR .
The proposed cell binding site in angiogenin comes close to the expected purine binding 
site, and has its hydrogen bonding correctly predicted by our model since the hydrogen bonding to residues 
111 and 112 is identical. In speculation there is a possibility that during cell binding this region is altered, 
causing the purine binding pocket to become more highly defined. Although there is no specific experimental 
data to prove this recent work by Furumichi et al 1,9 shows antiangiogenic activity by adenosine 3',5'-cyclic 
monophosphates.
5.3 CONCLUSIONS
The technique of protein homology modelling has been shown to be able to produce 
structures that reasonably well reproduce experimental structures. R.m.s. values of about 1 A  have been
119 Furumichi, T.; Yamada, Y.; Suzuki, T.; Furui, H.; Yamauchi, K.; Saito, YL.Jpn. Heart J 1992,. 33, 371.
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reported, in the literature ,M. Our model of human angiogenin was built before the crystal structure was known 
and the cell binding site of angiogenin which was proposed agrees in most of its structural features. One major 
difference is in the observed C-terminal rearrangement in the crystal structure which could not be predicted by 
homology modelling. This rearrangement may serve to protect endothelial cells from catalytically active 
angiogenin, rearranging to more closely resemble our model and the other ribonucleases before its catalytic 
action, or undergoing some rearrangement upon translocation to the nucleus of the proliferating endothelial 
cells. One other possibility is that this C-terminal rearrangement may not occur in solution, being induced by 
the crystal packing environment seen in the x-ray data in lang. Obviously solution NMR is needed to deal 
with these possibilities and some work to this end is ongoing with bovine angiogenin121.
The overall r.m.s. of our model of 3.5A is affected by this rearrangement, but it is 
interesting to note the degree to which the secondary structure is conserved and that our model is able to 
predict subtle effects of the hydrogen bonding which are absent in the parent RNaseA.
A comparison of our model (angm) with the homology model data reported by Allen et 
al13, shows that overall, the r.m.s. deviations of angm compared to the reported crystal structure (lang) are 
smaller than those previously reported. The r.m.s. deviations for our model to the crystal structure are 3.55A  
for all atoms and 2.93A for the main chain atoms only. The corresponding values for the previous model (here 
denoted as angs) are 4.44A and 3.15A respectively. It should be noted, that the angs model was constructed in 
1986 using proline parameters that have been superseded. These parameters caused a large deviation between 
the model and the crystal structure in the region of residues 15-22. This was caused by incorrect assignment of 
dihedral angles for proline 18. The angs model does not report a helix in the region 50-56, helix 3 in angm, 
using the program DSSP, although the authors do report that these residues are in an approximate helical 
conformation. Sheets 5 and 6 in angm (residues 103-108 and 111-118), are closer to the crystal structure than in
120 Blundell, T.L.; Carney, D.; Gardner, S.; Hayes, F,; Howlin, B.; Hubbard, T.; Overington, J.; Singh, D.A.;
Sibanda, B.L.; Sutcliffe, M. Eur. J. Biochem 1988,172, 513.
121 Reisdorf, C.; Abergel, D.; Bontems, F.; Lallemand, J. Y.; Decottignies, J.P.; Spik, G. Eur. J. Biochemistry
1994, 224:3, 811.
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the angs model where the sheets are significantly shorter. Both models have missed the sheet in the crystal 
structure between residues 62-65. Interestingly the sequence alignments used for both homology models were 
identical. Both force field approaches have produced models that are reasonable representations of the crystal 
structure, although unexpected deviations in the crystal structure led to similar errors in prediction. Overall 
the angm model more closely represents the crystal structure on the basis of r.m.s. deviation and secondary 
structure prediction. However, it should be borne in mind that the angs structure is the product of 1986 
technology and a newer model using more recent software may be much closer to the crystal structure.
The solving of the crystallographic structure of native angiogenin provides important 
insight into the mode of action of angiogenin, and may lead to an understanding of the mechanism of action. 
This opens avenues of further work in this field towards producing effective inhibitors and other control drugs 
that will eventually lead to better treatment of disorders caused by uncontrolled angiogenesis. A full 
understanding of the physiological action of angiogenin, with reference to it's structure, will greatly facilitate 
the design of novel inhibitors.
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CHAPTER 6 
DOCKING
Summary: A series of studies have been completed whereby small molecule ligands 
have been docked into the active site of pancreatic ribonuclease A. Duplicate studies have also 
been completed using an in-house homology built model of angiogenin with the same ligands. 
The first study covers a test set of ten ligands which constitute five substituted pyrimidine 
bases, and five substituted nucleosides. Previous competitive inhibition studies have provided 
experimental K; values for all these ligands. However, these assays only cover the inhibition of 
ribonuclease A, and no similar data has been reported for angiogenin. The intermolecular 
forces experienced between ribonuclease A and the ligands have been compared to the IC; values 
for these ligands and a linear relationship has been observed. This study also shows that the 
ligands in this set bind to ribonuclease A and angiogenin in a similar manner, and similar 
binding energies are reported for both proteins. A second study involving the docking of 
pyrimidine nucleotides into ribonuclease A and angiogenin has also been completed. This 
study correctly reproduces the binding preferences of the pyrimidine mononucleotide 
derivatives. However, it is noted that the accuracy of the docking methods used is not wholly 
satisfactory and that more involved methodology, beyond the scope of this project, is needed 
in order to design more effective inhibitors.
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Abbreviations:
ANG Angiogenin
ANGM Homology model of angiogenin
RNaseA Pancreatic ribonuclease A
lrob Crystal structure of pancreatic ribonuclease A
cCMP Cytidine-2'-monophosphate
3 CMP Cytidine-3 '-monophosphate
2dCMP 2'-deoxy-cytidine-3'-monophosphate
3dCMP 3'-deoxy-cytidine-2'-monophosphate
cCMP Cytidine-2' ,3 '-cyclicmo nophosphate
2UMP Uridine-2'-monophosphate
3UMP U ridine-3' -monophosphate
2dUMP 2'-deoxy-uridine-3'-monophosphate
3dUMP 3'-deoxy-uridine-2'-monophosphate
cUMP Uridine-2' ,3 '-cyclicmonophosphate
2-MP 2'-monophosphate
3-MP 3 '-monophosphate
2d-MP 2'-deoxy-3'-monophosphate
3d-MP 3 '-deoxy-2'-monophosphate
c-MP 21,3' -cyclicmonophosphate
CpG Cy tidy ly 1-3', 5' -guanosine
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6 Docking
This chapter details the methods used to perform docking, summarises the results 
obtained from these studies and discusses the results obtained. The culmination of this research project has 
been to perform two docking studies. The first study involves small molecule ligands docked into pancreatic 
ribonuclease A (RNaseA) and angiogenin (ANG). This study has been used to determine if pyrimidine 
binding is similar for both proteins. The second study covers a set of ten nucleotides which have been used 
to determine if phosphate binding is conserved for the two proteins under study.
6.1 METHODOLOGY
Before any protein - ligand interactions could be measured, both of the proteins and the 
ligands had to be imported into an analysis package. For these studies Biosym's suite of software Insightll 
vers. 2.3.5115 was used throughout. The AMBER70,71 force field was selected as being the most suitable since it 
is specifically parameterised for proteins and nucleic acids, which covers all the ligands used. The major 
drawback of using the AMBER force field is that any unusual ligands may not be covered by the atom 
typing rules. Therefore, the ligands used in the study were carefully checked and all were correctly typed 
under the AMBER force field. Once the structural data had been imported, it was then necessary to align the 
ligand being studied with the active site of the protein structures being used. The protein to ligand 
intermolecular forces could then be measured. The protein - ligand interaction energy will be lower when 
the ligand binds most strongly to the protein active site. However, a poorly aligned ligand will lead to the 
interaction energy becoming abnormally large. It is therefore necessary to relax the active site with the new 
ligand in order to minimise the strain energy. Another consideration is a problem due to formal charges. If 
the ligand has a highly charged group, such as a phosphate, this will interact very strongly with charged 
residues on the protein. If these charged residues have to much mobility and freely interact with the ligand 
then there will be a tendency for the ligand to be pulled out of the active site, as observed in the calculations.
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6.1.1 Structural Data
Protein structural co-ordinates for ribonuclease A were downloaded from the
Brookhaven database104,105 and for the angiogenin studies the homology model of Chen et al22 was used. It
was hoped that newly released co-ordinates of an x-ray study of angiogenin could be used in these studies. 
However, this structure has a blocked active site, and it was impossible to determine how to align any 
ligands. A full analysis of this crystal structure in comparison to Chen's homology model of angiogenin is 
covered in chapter 5.
The ligand structures were assembled using the molecular modelling suite of programs 
of Biosym, InsightEI vers 2.3.5. For the mononucleotide ligands several geometries were considered. The 
source of the geometries were from the cluster analysis study detailed in chapter 4.
6.1.2 Preparing The Proteins
The two proteins used in the simulations had to be prepared such that all of the atom 
typing and residue template rules for the AMBER force field were satisfied. This primarily involved adding 
hydrogens to all atoms with unfilled valencies and lone pairs to sulphur atoms. This fulfilled the valence 
rules and ensured that methionine and cysteine residues were correctly described. Also, all basic and acidic 
residues needed to be set to their ionisation states at pH 5.5, thus corresponding to the pH at optimum 
activity for RNaseA. This required all aspartic acid and glutamic acid residues to be deprotonated and all 
arginine and lysine residues to be protonated. The histidine residues throughout the proteins were left 
neutral with a proton on the epsilon nitrogen. The exception to this was the catalytically active residues 
ITisl2 and H isll9. These two residues were protonated according to a pre-binding configuration ready to 
bind a ligand. Therefore, Hisl2 was protonated at the delta nitrogen and H isll9 was protonated at both the 
delta and epsilon nitrogens.
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6.1.3 Preparing The Ligands
Most of the ligands were built using Insightll vers. 2.3.5, from Biosym, and 
pre-optimised to remove any strain energy. For each mononucleotide a single conformer from a set of 250 
was selected to be bound into the active site of the proteins. This set of conformers was generated in the 
studies detailed in chapter 4. The crystal structure of RNaseA used, lrob122, already had cytidylic acid bound 
to the active site. For each nucleotide studied the 250 conformers, generated in chapter 4, were compared to
the cytidylic acid structure. A single conformer was chosen, which most closely matched the cytidylic acid
template, by r.m.s. superposition, and used in the docking studies.
6.1.4 Alignment O f Ligand To Receptor
The binding conformation of ribonuclease A has been determined in many studies, so it 
is easy to choose a structure of the protein which already has an inhibitor bound in its active site. The 
protein structural data for these studies was therefore chosen to make the alignment of other ligands to the 
active site easier. Hence, the ligands used in these studies show a high degree of similarity to the inhibitor 
that was present in the original X-ray data. Swapping the original or template ligand for a new one and then 
removing the template ligand was the easiest way of aligning all the ligands under study. It was very easy to 
superimpose a new ligand over the old one, and then remove the original. The main problem with this 
method was ensuring that the new ligand had a similar geometry to the template ligand. Most of the ligands 
in the pyrimidine binding study, see results section, had rigid geometries. However, the geometries of the 
mononucleotide ligands were more closely considered before they were used in binding. For these ligands a 
conformational analysis study was carried out as detailed in chapter 4. This study located many different low 
energy conformations for the various mononucleotides used. The structures which had the greatest similarity 
to the known conformation of a bound nucleotide were used in these docking studies. The binding 
conformation of a nucleotide has been extensively studied by X-ray crystallography.
122 Lisgarten, J. N.; Gupta, V; Maes, D.; Wyns, L.; Zegers, I.; Palmer, R. A.; Dealwis, C.G.; Aguilar, C. F.; 
Hemmings, A. M. Acta Crystallographica Section D-Biological Crystallography 1993, 49:6, 541.
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6.1.5 Measuring Intermolecular Forces
The intermolecular forces that are produced when two molecules come into close 
contact were measured using the docking module in the Biosym suite of software called Insightll vers. 2.3.5. 
The non-bonding, van der Waals' and Coulombic forces were reported for each of the protein - ligand 
interactions. These two contributions are added together to obtain an estimate for the total force experienced 
between the ligand and the protein. If this total energy is positive then the interaction is repulsive and hence 
unfavourable. However, if the energy is negative then the interaction has a net attractive force. Ligands 
which produce highly negative energy interactions with the protein should be the best inhibitors, since the 
energy required to remove the ligand from the active site would be greater. However, the ability of the 
protein to catalyse the ligand must also be considered. If the ligand can be catalysed then it would be 
converted into another form. Once catalysed the ligand will usually not bind as tightly.
6.1.6 Simplifying The Calculations
Once a ligand has been aligned in the protein's active site it is necessary to optimise the 
interactions that occur between the protein and the ligand. The main problem to address here is how much 
of the protein is included in the calculations, and how much is omitted. The larger the overall system, the 
more time the calculations need to converge to a low energy state. For these studies a subset of residues was 
generated for each system. Only those protein residues and solvent which had atoms within 6A of the ligand 
were included in the calculations. This subset was further reduced by consideration of how far the backbone 
atoms were from the ligand. If any of the backbone atoms of a given residue were more than 6A from the 
ligand then all the backbone atoms of that residue were omitted from the calculations. All atoms that were 
omitted from the calculations were held fixed and thus formed anchor points for the mobile residues and 
side chains. This helped to preserve the shape of the active site, but also allowed for a high degree of 
relaxation of the active site.
Figure 47 shows diagramatically the atoms of the protein that were included. For 
simplicity the inhibitor has been replaced by a benzene ring. In this example system the residues numbered
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1, 24 and 25 are all outside the interface region. They will be fixed in place and thus will not move during 
any calculations. Residues 3 and 21 have both backbone and side-chain atoms that lie within 6A of the 
inhibitor. All of the atoms in these residues will be allowed to relax around the ligand.
The remaining residues depicted, 2, 7, 8, 22 and 23, have side chain atoms inside the 6A 
interface region, but have main-chain, backbone atoms which lie outside of the interface region. The side 
chain atoms of these residues would be included in the calculations but the main-chain atoms would be held 
fixed. To add another level of realism a layer of water was added to the active site region. This water was 
added in a 6A sphere about the inhibitor and all waters outside the 6A interface region were held fixed. This 
allowed waters to interact with the inhibitor and to stabilise the ionised residues and highly charged ligands 
that were studied.
Figure 47 Illustration showing how the protein subset was generated for the docking studies.
6.1.7 Minimising The Intermolecular Forces
When the systems were optimised all the atoms of the protein were present. However, 
as described above, only the atoms which were within 6A of the ligand were permitted to move and 
therefore relax about the ligand. Furthermore, a non-bonding cut-off of 15A was imposed to further reduce 
the number of terms involved in the calculations. Throughout the simulations the ligand was given full 
freedom of movement within the active site of the protein.
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The number of atoms involved in the simulation was considered sufficient to produce a 
good level of realism, but simplified enough to reduce the time needed to carry out the calculations. The 
algorithms used to optimise the interactions were limited due to the amount of time needed to perform the 
calculations. Even with the reduced atom set, a simple minimisation took over well over an hour to reduce 
the gradient components to 0.01 kcal mol'1 A'1, and in some cases these minimisations took several hours. 
Therefore, the studies have been completed with only simple minimisations of the energy using steepest 
descents and conjugate gradients. A dynamics quenching method was tried in order to aid the optimisation 
of some of the systems. However, problems arose with the stability of the protein - ligand interactions and 
the dynamics merely led to the inhibitor becoming detached from the binding site. This detachment 
occurred even with the layers of solvent. Also, problems with phosphate instability were noted in some test 
protonated phosphate systems. During dynamics the weakly bonded hydrogen of the phosphate tended to 
dissociate, even at 300 Kelvin. Similar problems arose with phosphonates, making the dynamics simulations 
unstable. The explicit waters co-ordinated to charged groups on the outside of the active site and to the 
phosphate of nucleotide ligands. During the trial molecular dynamics simulations the co-ordinated waters 
maintained their association with charged groups, whilst unbound waters either aggregated around the 
phosphate and the ionised residues or freely diffused away from the active site altogether.
6.2 RESULTS
The first study completed was used to determine if there was a clear correlation between 
the interaction energies obtained from a docking study and inhibition constants obtained from the literature. 
RNaseA was used for this test case as it has been extensively studied. This was then duplicated for ANG to 
see if these test ligands bound in similar ways. The second study was used to determine if phosphate binding 
in ANG was similar to that of RNaseA.
6.2.1 Test Model
For this study the x-ray structure of bovine pancreatic ribonuclease A, lrob123, from the 
Brookhaven database, and a homology built model of angiogenin (ANGM) was used. The RNaseA structure
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was selected because it was solved at 1.6A  resolution and had a low R factor of 0.17. The angiogenin 
homology model was used because the x-ray structure of angiogenin (lang) has a blocked active site. These 
protein structures were imported into Insight as discussed under the methodology section above. A set of 
ligands was generated for which RNaseA inhibition constants have been reported 124. These are summarised 
in table 17.
Ligand K;/mM Ligand K  /mM
FBI 2-OH-pyrinidine 65 NS1 uridine 17
FB2 5-dimethylaminoethyl uracil 11 NS2 5-methyl uridine 11
FB3 1-methyl uracil 34 NS3 cytidine 31
FB4 3-methyl uracil 144 NS4 2'-deoxy cytidine 31
FB5 1-methyl cytosine 200 NS5 thymidine 16
Table 17 Summary of RNaseA inhibition constants, for pyrimidine inhibitors used in the test binding study.
These ligands consist of pyrimidine base derivatives and pyrimidine nucleosides, as 
shown in table 17. These Kj values are the competitive inhibition constants for the catalytic cleavage of 
cytidine-2',3'-phosphate, 8.8 mM, in a bicarbonate buffer of pH 7.6 at 37°C. The systems were docked into 
the active site of lrob and minimised using steepest descents to a maximum gradient of 5 kcal mol'1 A'1, 
followed by conjugate gradients to a maximum gradient of 0.01 kcal mol'1 A'1.
vdW E Total vdW E Total
FBI -4.37 -13.73 -18.10 NS1 -18.15 -19.96 -38.11
FB2 -19.91 -14.34 -34.24 NS2 -20.41 -22.70 -43.11
FB3 -14.26 -11.25 -25.51 NS3 -15.88 -20.35 -36.23
FB4 -13.87 -5.74 -19.61 NS4 -16.34 -14.29 -30.63
FB5 -5.42 0.54 -4.88 NS5 -15.63 -22.23 -37.86
Table 18 Summary of protein - ligand interaction energies for the test ligands bound into RNaseA. All 
energies are in kcal mol"1. vdW - van der Waals' energy, E - electrostatic energy.
123 Lisgarten, J. N.; Gupta, V.; Maes, D.; Wyns, L.; Zegers, I.; Palmer, R. A.; Dealwis, C. G.; Aguilar, C. F.; 
Hemmings, A. M. Acta Crystallographica Section D-Biological Crystallography 1993, 49:6, 541.
124 Richards, F.M.; Wyckoff, H.W. in The Enzymes Vol. 4 Ed. Boyer, P. D. Academic Press New York, 1971.
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The final intermolecular energies obtained for these ligands docked into RNaseA and 
ANG are detailed in tables 18 and 19.
6.2.1.1 K { Vs Binding Energy
A plot of the calculated intermolecular binding energy against K;, figure 48, shows an 
inverse trend. Ligands with higher K; values are weaker inhibitors and this is shown by a decrease in the 
calculated binding energy. The source of the inhibition constants used and the errors involved in the 
generation of the binding energies reduces the overall accuracy of this method. However, the correlation 
coefficient (R2) for the plot is 0.8, thus showing a positive trend for this data.
0 20 40 60 80 100 120 140 160 180 200
K i(m M )
Figure 48 Plot of Ki (mM) vs. total intermolecular binding energy for pyrimidine and nucleoside ligands 
docked into ribonuclease A.
6.2.1.2 A  ngiogenin Vs. R ibonuclease A
If ANG binds pyrimidine ligands in the same ways as RNaseA, then there should be a 
correlation between the binding energies of this set of ligands bound into the two proteins. To determine if 
there is a correlation the same ligands used in the previous study have also been docked into ANGM. The 
systems were constructed by overlaying the angiogenin structure upon a RNaseA system which already had 
a ligand bound to its active site. By deleting the structure of the RNaseA protein, this leaves the ligand in the
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active site of ANG, as close to the RNaseA binding mode as possible. For each system a new layer of water 
was added, and the calculations were restricted to the 6A interface region about the ligand. The active site of 
ANGM is somewhat different from the active site of RNaseA, thus more strain energy minimisations had to 
be completed. This was again completed using steepest descents to a maximum gradient cut-off of 5 kcal 
mol'1 A 1, followed by conjugate gradients to a maximum gradient cut-off of 0.01 kcal mol'1 A'1. The 
intermolecular forces experienced between the ligands and ANGM are summarised in table 19.
vdW E Total vdW E Total
FBI -8.97 -14.08 -23.05 NS1 -16.71 -19.82 -36.53
FB2 -20.42 -4.93 -25.35 NS2 -20.73 -24.25 -44.98
FB3 -13.95 -9.68 -23.62 NS3 -17.18 -25.92 -43.10
FB4 -14.12 -5.70 -19.82 NS4 -14.21 -14.52 -28.73
FB5 -9.67 -1.08 -10.75 NS5 -21.70 -16.30 -37.96
Table 19 Summary of protein - ligand interaction energies for the test ligands bound into ANG. All energies 
are in kcal mol'1, vdW - van der Waals1 energy, E - electrostatic energy.
-45 -40 -35 -30 -25 -20 -15 -10 -5 0
Figure 49 Plot of binding energies (kcal mol'1) for ANG vs. RNaseA. A line of best fit predicting the 
RNaseA energies from the ANG energies has an R2 correlation of 0.84.
The binding energies from the RNaseA study have been plotted against those obtained 
from the ANGM study. This plot, shown in figure 49, has an R2 correlation coefficient of 0.84, the gradient
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of the line of best fit is 0.98 and the intercept is 0.07 kcal mol'1 A '1. This positive correlation suggests that 
ANG binds these ligands in a similar manner to the way RNaseA binds them. Most of the protein - ligand 
interactions occur with the well conserved residues corresponding to the BI binding pocket region. The 
important Thr45 (Thr44 in ANG) hydrogen bonding interactions to the pyrimidine base are seen in all the 
systems including the ANG ones. Part of the BI pocket is defined by the flat side chain of Phel20. The lack 
of a similarly flat residue in ANG does make the ANG BI binding pocket more flexible. However, the 
equivalent residue in ANG, Leull5, does help to preserve the hydrophobic part of this pocket. None of 
these ligands have a phosphate group or an equivalently charged functional group; therefore they do not 
interact with the directing residue Lys41 (Lys40 in ANG). For this reason a second study was performed.
6.2.2 Nucleotide Study
This study was undertaken to ascertain if angiogenin binds nucleotides in a similar 
manner to ribonuclease A. If the two proteins bind nucleotides differently then a measure of intermolecular 
energies should be able to show this. The test study above shows that the BI pocket of RNaseA binds 
pyrimidine bases in a similar way to the equivalent pocket in the ANG active site. However, this study does 
not give any information regarding the PI binding pocket, which binds phosphates. To explore the binding 
affinities of the PI pocket of ANG and RNaseA a series of ten pyrimidine nucleotide derivatives have been 
docked into the active sites of RNaseA (Irob) and ANG (ANGM). These nucleotides are:-
(2-CMP) cytidine-2'-monophosphate (2-UMP) uridine-2'-monophosphate
(3-CMP) cytidine-3'-monophosphate (3-UMP) uridine-3'-monophosphate
(2dCMP) 2'-deoxy-cytidine-3'-monophosphate (2dUMP) 2'-deoxy-uridine-3'-monophosphate
(3dCMP) 3'-deoxy-cytidine-2'-monophosphate (3dUMP) 3'-deoxy-uridine-2'-monophosphate
(cCMP) 2',3'-cyclic-cytidine monophosphate (cUMP) 2',3'-cyclic-uridine monophosphate
The protein structures ANGM and Irob were used as the source of structural data for 
angiogenin and ribonuclease A respectively. The calculated binding energies of these two proteins, to the set 
of nucleotides, are presented in tables 20 and 21 and the total binding energies are plotted in figure 50. All 
the nucleotides studied have a greater binding affinity for Irob than for ANGM, indicating that RNaseA 
complexes to nucleotides more readily than ANG. This is consistent with the limited published kinetic data
15 8
A. D. Allen: Dept, of Chemistry, University of Surrey.
for A N G125.
VdW Coulombic Total VdW Coulombic Total
2CMP -1.34 -104.59 -105.90 2UMP -11.88 -95.04 -106.91
2dCMP 15.65 -153.49 -137.84 2dUMP 13.73 -153.81 -140.07
3CMP -6.74 -129.39 -136.12 3UMP -10.84 -125.62 -136.46
3dCMP 14.22 -148.24 -134.02 3dUMP 2.63 -141.95 -139.32
cCMP 6.54 -118.05 -111.51 cUMP 3.70 -109.84 -106.14
Table 20 Binding energies for nucleotides docked into RNaseA. Energies in kcal mol'1 A '1.
VdW Coulombic Total VdW Coulombic Total
2CMP -0.87 -96.94 -97.81 2UMP 0.25 -101.14 -100.88
2dCMP 3.78 -99.31 -95.53 2dUMP 6.30 -100.47 -94.17
3 CMP -3.76 -99.11 -102.88 3UMP -13.02 -83.77 -96.79
3dCMP 3.67 -111.15 -107.48 3dUMP 3.01 -106.02 -103.00
cCMP -6.77 -74.47 -81.25 cUMP -5.95 -79.65 -85.60
Table 21 Binding energies for the nucleotides docked into ANG. Energies in kcal mol'1 A 1.
Of all the nucleotides studied the cyclic phosphate derivatives bind the least tightly. 
This trend is observed in the binding data for both ANG and RNaseA. This further reinforces the 
observation, noted in chapter 4, that the nucleotide may become detached from the active site whilst the 
nucleotide phosphate is in a cyclic configuration.
Throughout these studies RNaseA has a greater binding affinity for uridine nucleotides 
than for cytidine nucleotides. The exceptions include the uridine- and cytidine-3’-monophosphate (3-MP) 
derivatives, and the 2’,3'-cyclic monphosphates (c-MP). The reverse trend for the cyclic monophosphates is 
supported by the known specificity of RNaseA, which catalyses uridine nucleotides faster than cytidine 
nucleotides. This explanation only holds true if the cyclic phosphate form of the nucleotide is the one which 
leaves the active site and not the 3'-monophosphate form.
125 Russo, N; Ravi Acherya, K;, Vallee, B. L.; Shapiro, R. Proc. Natl. Acad. Sci. USA. 1996, 93:2, 804.
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-160
Figure 50 Binding energies. The ligands 2'-monophosphate (2-MP), 3'-monophosphate (3-MP), 
2'-deoxy-3'-monophosphate (2d-MP), 3'-deoxy-2'-monophosphate (3d-MP) and 2',3'-cyclicmonophosphate 
(c-MP) derivatives of cytidine and uridine bound into ANGM and lrob.
However, the RNaseA binding affinities for the 3-MP pyrimidine nucleotides are very 
similar, and bind much more lightly than the c-MP pyrimidine nucleotides. This further reinforces the 
hypothesis that it is the cyclic phosphate form which leaves the active site and not the 3-MP form.
ANG binds tighter to cytidine nucleotides than to uridine ones, which is in accordance 
with the known binding preference of the protein27,28. The exceptions are the 2-MP system and, as for 
RNaseA, the c-MP systems. The reason for the difference in the binding affinities for the cyclic, c-MP, 
systems is again expected if the cyclic-phosphate form of the nucleotide leaves the active site, rather than the 
3'-monophosphate. The other exception may be due to a difference in the way ANG binds pyrimidine 
nucleotides.
Since these systems were only minimised to one low energy state, others may exist. 
Finding the global minimum binding energy for these interactions is a time consuming process and is more 
suited to a dynamics annealing or quenching process. Unfortunately, the current computational facilities are
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inadequate to model these systems to a sufficient level of accuracy. However, advances in software design, 
such as the BForce126 algorithm, will enable the modelling of these systems to be standard in the future.
6.3 CONCLUSIONS
Throughout these studies the cyclic monophosphate systems have always shown the 
most significant differences in binding affinities. Combining these results with those from chapter 4 strongly 
indicates that it is the cyclic-monophosphate form of the nucleotide that is the most favourable form for 
leaving the active site of the protein. Other observations are that the binding preferences of the two proteins 
have been correctly reproduced for cytidine and uridine mononucleotides, and that RNaseA binds 
nucleotides more readily than angiogenin does. From these studies it is clear that a cyclic-monophosphate 
type inhibitor would not bind very tightly and that the other pyrimidine nucleotide derivatives are weak 
binders. These studies have not included the B2 binding pocket and the extended phosphate binding pockets. 
The study of purine binding can form the basis for further studies on this project.
Russo et al 127 have completed kinetic studies concerned mainly with the investigation 
of the B2 binding pocket of angiogenin. This study shows that the B2 site is much less specific about the type 
of base it binds. The binding preferences for the four DNA nucleotide bases covers a 20-fold range of 
activities. RNaseA exhibits a several hundred-fold range of KCiU/  Km values. Adenosine binds most strongly to 
angiogenin at the B2 site and, if phosphorylated at the 3' and 5' positions, forms an even stronger complex.
The structure of angiogenin used for this study was built by homology, using RNaseA 
as a template for the overall secondaiy and tertiary structure. Therefore, the results obtained from this study 
may reflect the way in which the model was built. It is strongly recommended that the structure of 
angiogenin be considered very carefully before any further studies are completed. It is suggested that the 
studies could be continued if, at some later date, the structure of angiogenin is solved with a bound inhibitor.
126 Luty, B. A.j Wasserman, Z. R.; Stouten P. F. W.; Hodge, C. N.; Zacharias, M.; McCammon, J. A. J.
Comp. Chem. 1995, 16, 454
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It is accepted that these results are not wholly conclusive and that more accurate and 
further studies are needed. For this reason the development of potent inhibitors has been incomplete. It is 
known that angiogenin does bind nucleotide targets both in vivo and in vitro. Therefore, the best lead 
compound for developing an inhibitor would be an uncatalysable nucleotide such as the methylene 
derivative of CpA (CcpA) or an adenosine phosphonate. If the anthracycline family of drugs are inhibitors 
then it would seem that they must first intercalate with a cellular RNA or DNA target first. Once 
intercalated angiogenin may bind to the drug as it attempts to cleave the nucleotides in the ribosomal RNA, 
which the drug has intercalated with. No experimental evidence has been reported which supports this 
theory, although the angiostatic drug TAN-1120 is the best candidate for any such studies.
Other future work for this project must be centred around some fundamental biological 
questions which still remain. The biological action of angiogenin is still a mystery; it is not fully understood 
how it stimulates endothelial cell growth, or if it is an'active agent before entering the endothelial cells or 
whether it is modified during its passage to the nucleoli. From the known biological action it would appear 
that angiogenin targets ribosomal RNA, perhaps causing the ribosomes to start producing a different cell 
protein necessaiy for endothelial cell growth. Only when the precise biological action of angiogenin is 
understood can the inhibition of the protein be explored more efficiently. For the docking studies a 
significant improvement in the overall accuracy of the methodology is needed before any reasonable 
molecular dynamics simulations could be completed.
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APPENDIX
Summary: This appendix contains a compilation of the macros and programs used 
throughout this thesis. The order in which they are presented follows the order in which they 
have been used throughout the thesis. These pages only list the programs and do not detail their 
function. The reader is therefore directed to the previous chapters for explanation of the use of 
these programs. For further details of the Biosym Command Language and Discover Command 
Language the reader is directed to the manual for Insight II version 2.3.5 and Discover vers 2.9.5.
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CHAPTER 3.1.2.1
Macro for annealed dynamics within a torsion vs. torsion vs. energy calculation (page 80)
! INPUT FILE FOR DISCOVER GENERATED BY INSIGHT
! does minimisation allowing for barrier energies to be overcome by doing 
I dynamics at 600K to overcome large barrier energies, the structures 
I are then minimised and the resultant lowest energy structure is take 
I forward to the 300K dynamics run, to overcome low energy barriers.
! These final structures are taken an minimised, the resulting lowest 
! energy structure is analysed and the phi-psi torsions reported with 
! the energy of the molecule.
! SET UP STARTING PARAMTERS
overlap = 0.01 
begin simulation 
* add-automatic bond torsion valence out-of-plane
reduce
set dielectric = 80.370003*r
FIX PHI - PSI FOR DYNAMICS AND MINIMISATION PROCEDURES
Fixed atom list generation
* add all
* molecule 1 residues CSP3 10 atoms HI
* add all
* molecule 1 residues CSP3 10 atoms Cl
* add all
* molecule 1 residues OHH IV atoms OH
* add all
* molecule 1 residues CSP3 1W atoms Cl
* add all
* molecule 1 residues CSP3 1W atoms HI
DEFINE THE PHI AND PSI TORSION ANGLES
Assign the torsion name phi to
* residue CSP3 10 atom HI
* residue CSP3 IO atom Cl
* residue OHH IV atom OH
* residue CSP3 1W atom Cl
Assign the torsion name psi to
* residue CSP3 10 atom Cl
* residue OHH IV atom OH
* residue CSP3 1W atom Cl
* residue CSP3 1W atom HI
rotors phi in CSP3 10 to 0.000000 degrees
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rotors psi in OHH IV to 36.000000 degrees 
Reduce strain in molecule to prevent blow up during dynamics run
Minimize
* for 100 iterations
* using steepest descents
* until the maximum derivative is less than 5.000000000 kcal/A 
Relax the molecule to 600 Kelvin,
to prevent the molecule from being stuck in a low energy well
initialize dynamics
* for 5000 iterations
* at 600.000 K
* steps of 1.000
DEFINE 600 KELVIN DYNAMICS LOOP VARIABLE 
iarc = 1
LOOP FOR 600 KELVIN DYNAMICS RUN 
DYN1
resume dynamics
* for 500 iterations
archive as file number iarc "600Kdyna.arc"
iarc = iarc + 1
if iarc .le. 100 then DYN1
END 600 KELVIN DYNAMICS LOOP
DEFINE MINIMISE LOOP VARIABLE & VARIABLE FOR STORING ENERGY 
OF MOST STABLE STRUCTURE
iarc = 1 
lowest = 9 9 9 9 9
LOOP FOR MINIMISING 100 STRUCTURES OF 600 KELVIN DYNAMICS RUN 
MIN0
retrieve file number iarc "600ICdyna.arc"
Minimize
* using steepest descents
* until the maximum derivative is less than 5.000000000 kcal/A
Minimize
* using conjugate gradients
* until the maximum derivative is less than 0.500000000 kcal/A
Minimize
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using bfgs
until the maximum derivative is less than 0.001000000 kcal/A 
archive as file number iarc "600Kmini.arc"
CHECK IF THE LATEST E_TOTAL IS LOWER THE LOWEST ENERGY
if lowest .It. e_total then E0 
lowest = e_total 
ilowest = iarc
'GOT ARCHIVE NUMBER OF LOWEST
i
E0
iarc = iarc + 1
if iarc .le. 100 then MIN0
END OF LOOP FOR MINIMISING 100 STRUCTURES OF 600 KELVIN DYNAMICS RUN
RELAX SYSTEM TO 300 KELVIN
initialize dynamics
* for 2000 iterations
* at 300.000 K
* steps of 1.000
retrieve file number ilowest "600Kmini.arc"
! DEFINE LOOP VARIABLE FOR 300 KELVIN DYNAMICS RUN
j
iarc = 1
i
! START OF LOOP FOR 300 KELVIN DYNAMICS RUN 
!
DYN2
resume dynamics 
* for 500 iterations
archive as file number iarc "300Kdyna.arc"
iarc = iarc + 1
if iarc .le. 100 then DYN2
i
! END OF LOOP FOR 300 KELVIN DYNAMICS RUN 
!
j
! DEFINE MINIMISE LOOP VARIABLE & VARIABLE FOR STORING 
I ENERGY OF MOST STABLE STRUCTURE
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j
iarc = 1 
lowest = 9 9 9 9 9
i
! LOOP FOR MINIMISING 100 STRUCTURES OF 300 KELVIN DYNAMICS RUN
i
MINI
retrieve file number iarc "300Kdyna.arc"
Minimize
* using steepest descents
* until the maximum derivative is less than 5.000000000 kcal/A
Minimize
* using conjugate gradients
* until the maximum derivative is less than 0.500000000 kcal/A
Minimize
* using bfgs
* until the maximum derivative is less than 0.001000000 kcal/A
archive as file number iarc "300Kmini.arc"
! CHECK IF THE LATEST E_TOTAL IS LOWER THE LOWEST ENERGY
I
if lowest .It. e_total then El 
lowest = e_total 
ilowest = iarc
j
! GOT ARCHIVE NUMBER OF LOWEST
j
El
iarc = iarc + 1
if iarc .le. 100 then MINI
j
! END OF LOOP FOR MINIMISING 100 STRUCTURES OF 600 KELVIN DYNAMICS RUN
GET LOWEST ENERGY CONFORMER AND REPORT ITS ENERGY 
ALONG WITH THE CURRENT PHI - PSI ANGLES
retrieve file number ilowest "300Kmini.arc" 
rotors phi in CSP3 10 by 0.000000 degrees 
rotors psi in OHH IV by 0.000000 degrees 
* write name torsions
end
v
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CHAPTER 4.2.2.3
Cluster macro No. 1 (page 102)
# Macro to find all similar (by RMS dev) structures in the given history
# file. The method goes through an insightll 2.30 archive file and compares
# all the structures in it to the first structure in the file. The
# structures found in the trajectory that are similar in conformation (by
# RMS dev) are writen to an archive file. The rest of the structures found
# are written to another save file, for further analysis later on.
#
define_macro Clust_macro lstring archive int frames float RMS_cutoff 
#
# declare variables used 
float RMS_measured
int loop_counter, sim_count, diff_count, cur_clust
lstring put_file, clust__file, files4archive, files2cluster, UNIX_Com
#
# copy archive file
Unix_com = "cp " // $archive // " Full_Archive.arc"
BCL_Unix $Unix_com
#
# variable for current cluster number 
cur_clust = 1
#
# loop until there are no structures left in the archive file to cluster 
while ($frames > 0)
# initialise counters for the loop and the saved frames 
loop_counter = 1
sim_count = 0 
diff_count = 0
# Get First structure in archive file and name it REF
Get Molecule Archive Frame 1 Full_Archive.arc REF -Reference_Object
# loop through the structures in the trajectory file 
while($loop_counter <= $frames)
# Read in the next frame from the archive
Get Molecule Archive Frame $loop_counter Full_Archive.arc 
COMP -Reference_Object
# Get the RMS deviation between the two structures 
RMS_measured = {Superimpose -End_Definition Heavy "Label Mode"
REF COMP}
# If the two structures are essentially the same 
if ( $RMS_measured < $RMS_cutoff )
# increment for number of similar structures found 
sim_count = $sim_count + 1
# save the latest similar structure to a file
put_file = keep_ // $cur_clust // _ // $sim_count // .car 
put mol bio COMP $put_file off off off 
end #end of if 
else
# increment for the number of unsimilar structures 
diff_count = $diff_count + 1
# Unsimilar in Structure Add to others
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put_file = others_ // $cur_clust // __ // $diff_count 
// .car
put mol bio COMP $put_file off off off 
end #end of else
# Remove the current comparison structure 
Delete Object COMP
# Increment the loop counter 
loop_counter = $loop_counter + 1
end #end of internal while loop
#
# compile new cluster
clust_file = cluster_ // $cur_clust // .arc 
f iles2cluster = "keep_*.car"
UNIXcom = "nawk -f car2arc.awk " // $files2cluster // " > "
// $clust_file 
BCL_Unix $UNIX_com
#
# compile archive of structures for further analysis, 
files4archive = others_ // $cur__clust //
BCL_Unix "rm -f Full_Archive.arc"
UNIX_com = "nawk -f car2arc.awk " // $files4archive 
// " > Full_Archive.arc"
BCL_Unix $UNIX_com
#
# Tidy up before next clustering takes place 
delete object *
frames = $frames - $sim_count 
cur_clust - $cur_clust + 1
#
# Tidy up file store 
BCL_Unix "rm others_* keep_*"
end #end of external while loop
# tidy up directory
BCL_Unix "rm -f Full__Archive . arc"
#End of macro 
end_macro
Add to pulldown Clust_macro custom
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CHAPTER 4.2.2.6
Cluster macro No. 2 (page 102)
# Macro to find all similar (by RMS dev) structures in the given history
# file. This method find seeds for clusters by pairwise RMS fitting of all
# structures under study. The structures must be of the same molecule and
# the number of seeds can be edited by the tightness of the RMS fit.
#
# Usage: Find_seeds <project> <RMS__cutoff>
#
# <Project> is the suffix of the trajectory to be used (must be an arc file)
#
# <RMS_cutoff> is the cutoff for the screening of seeds. If this is too low
# then not enough seeds will be generated, too high and too many will be
# generated. For a starting point try about 0.2
#
# definemacro Find_seeds sstring project float seed_cutoff
# variables used 
int num_confs
int loop_fine, loop_course 
sstring objl, obj2 
float RMS_fit 
lstring Unix_command
#
# remove old output file if it exists 
Unix_command = "rm -f " // $project 
Unix_command = $Unix_command // .seeds 
BCL__Unix $Unix_command
# Get all the structures
get mol arc all ($project // .arc) conf off 
analysis
$num_confs = {get trajectory ($project // .arc) confl off off off 
Range 1 end 1}
# pairwise rms comparison of all structures.
$loop_course = 1
while ($loop_course < $num_confs)
$loop_fine = $loop_course + 1 
while ($loop_fine <= $num_confs)
# get objects for rms comparison 
$objl = "CONF" // $loop__course 
$obj2 = "CONF" // $loop_fine
$RMS_fit = {Superimpose -End_Definition Atom off $objl $obj2} 
if ($RMS_fit < $seed_cutoff)
#record possible cluster seed
write ($project // .seeds) "%d,%d,%f " $loop_course 
$loop_fine $RMS_fit 
end #end of if 
$loop_fine = $loop_fine + 1 
end #loop_fine while
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write ($project // .seeds) "/" 
$loop_course = $loop_course + 1 
end #loop__course while
#
write ($project // .seeds) "|" 
delete object *
#
# End of macro 
end macro
Appendix: Programs And Macros
# Macro to build up a cluster from a given seed
# This macro takes a seed calculated from Find_seeds and which has been #
# passed throught the external program to filter out duplicate #
#conformers, to produce fully independant seeds.
#
# Build_Cluster <arc_file> <project_name> <seed conf 1> <seed conf 2>
# <RMS_cutoff> <diffusity cutoff>
#
# Example Usage:- Build__cluster 298kmini cluster_l 1 2 0.5 1.0
#
# <arc_file>
# Name of trajectory which needs clustering, without .arc extension
#
# <project_name>
# the project name is the prefix of the archive file of conformers,
# which also defines the prefix for the output files.
# <prefix>.list conformers in cluster
# <prefix>.gen generation information
#
# <seeds conf 1 or 2>
# indices to the ttrjectory. this pair of conformers are very similar
# and therefore will be a good starting poing for building a cluster.
#
#  < R M S _ _ C U t o f f >
# The cluster will be defined as finished if the next conformer added to
# the cluster has an RMS deviation, in comparison to the average
# conformer of cluster, which is higher than this cutoff.
#
# <diffusity cutoff>
# If the cluster becomes diffuse then the cluster will be defined as
# completed. This cutoff relates to the highest RMS deviation of all
# conformers in the cluster to the current average structure.
#
# define_macro Build_cluster sstring arc_file sstring project
int seed structure 1 int seed structure 2 float RMS cutoff
# number of conformers in cluster
# loop counters
# total number of conformers in trajectory
# next best conformer to add to cluster
# on/off - conformer in/not in cluster
# index of conformers used
# object name for conformer
# string to contain a valid UNIX command
# for BCL_unix
# for superimpositions
# in order to check diffusity
$used_confs[$loopl] = 0 
$conformer[$loopl] = 0
float diffusity
#
# variables 
int num_confs 
int loopl
int total_confs 
int best_conf 
int used_confs[500] 
int conformer[500] 
sstring conf_name 
lstring UNIX_command
float RMS_dev, RMS_best 
float highest_RMS
#
# clear old arrays 
loopl = 1
while ($loopl < 500)
x
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$loopl = $loopl + 1 
end #end of while
# Add seed conformers to cluster 
$conformer[1] = $seed_structure_l 
$conformer[2] = $seed_structure_2 
$used_conf s [$seed_structure__l] = 1 
$used_confs[$seed_structure_2] = 1 
$num_confs = 2
# start new files
UNIX_command = "rm -f " // $project // .gen 
BCL_unix $UNIX_command
UNIX__command = "rm -f " // $project // .list 
BCL_unix $UNIX_command 
UNIX__command = "rm -f cluster.arc"
BCL_unix $UNIX_command 
UNIX_command = "rm -f CONF*"
BCL_unix $UNIX_command 
UNIX_command = echo // " 1"
UNIX_command = $UNIX_command // $seed_structure_l // " "
UNIX_command = $UNIX_command // $seed_structure_2 // " \c' >> "
UNIX_command = $UNIX_command // $project // .list
BCL__unix $UNIX_command
# Create cluster so far
get mol arc fra $conformer[1] ($arc_file // .arc)
(CONF // $conformer[1]) off 
put mol bio (CONF // $conformer[1]) (CONF // $conformer[1] // .car) 
off off off
get mol arc fra $conformer[2] ($arc_file // .arc)
(CONF // $conformer[2]) off 
Superimpose -End_Definition Atom off (CONF // $conformer[1])
(CONF // $conformer[2]) 
put mol bio (CONF // $conformer[2]) (CONF // $conformer[2] // .car) 
on off off on (CONF // $conformer[1])
BCL_unix "nawk -f car2arc.awk CONF*.car > cluster.arc" 
delete object *
#
# Get the first structure in the archive 
analysis
get mol arc fra 1 cluster.arc average off
get traj cluster.arc average off off off Range 1 end 1
#
# Get average conformer of the cluster 
Conformation Trajectory Average Range 1 $num_confs 1
#
# Get the trajectory information and number of conformations 
$total_confs = {get traj ($arc_file // .arc) average off off off
Range 1 end l}
#
# record the current generation of the cluster
write ($project // .gen) "Generation %3d: " $num_confs
#
# Compare ave__conformer of cluster to all conformers in cluster
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Get Molecule Archive Frame $conformer[1] ($arc_file // .arc)
(CONF // $conformer[1]) -Reference_Object 
$RMS_dev = {Superimpose -End__Definition Atom off average 
(CONF // $conformer[1])} 
write ($project // .gen) "Ave vs %3d = %f, " $conformer[1] $RMS_dev 
Get Molecule Archive Frame $conformer[2] ($arc_file // .arc)
(CONF // $conformer[2]) -Reference_Object 
$RMS_dev = {Superimpose -End_Definition Atom off average 
(CONF // $conformer[2])} 
write ($project // .gen) "Ave vs %3d = %f, " $conformer[2] $RMS_dev 
delete object CONF*
RMS_best = 0.0 
highest_RMS = 0.0
# Loop through until the cluster begins to get diffuse 
while($RMS_best < $RMS_cutoff)
if($Num_confs == $total_confs) 
break 
end #of if
# Find the next best conformer to the cluster 
loopl = 1
$RMS__best = 1000.0
# Loop through all possible conformers 
while($loopl <= $total_confs)
# check that the next conformer is not already in the cluster 
if($used_confs[$loopl] != 1)
# this is a new conformer 
$conf_name = "CONF" // $loopl
Get Molecule Archive Frame $loopl ($arc_file // .arc) 
$conf_name -Reference_Object 
RMS_dev = {Superimpose -End_Definition Atom off 
$conf_name average}
# Is this a better structure to add to cluster 
if($RMS_dev < $RMS_best)
$RMS_best = $RMS_dev 
$best_conf = $loopl 
end #of if 
end #of if 
$loopl = $loopl + 1 
end #end of while
# Add the next best conformer to the cluster 
$num_confs = $num_confs + 1
$conformer[$num_confs] = $best_conf 
$used_confs[$conformer[$num_confs] ] = 1 
UNIX_command = echo // " 1"
UNIX__command = $UNIX_command // $best_conf // " \c' >> " 
UNIX_command = $UNIX_command // $project // .list 
BCL_unix $UNIX_command 
delete object CONF*
get mol arc fra $conformer[$num_confs] ($arc_file // .arc)
(CONF // $conformer[$num_confs]) off 
Superimpose -End_Definition Atom off average 
(CONF // $conformer[$num_confs]) 
put mol bio (CONF // $conformer[$num_confs])
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(CONF // $conformer[$num_confs] // .car) on off off on AVERAGE 
BCL_unix "nawk -f car2arc.awk CONF*.car > cluster.arc" 
delete object CONF*
# calculate the average structure of the cluster
get traj cluster.arc average off off off Range 1 end 1 
Conformation Trajectory Average Range 1 $num_confs 1
# record the current generation of the cluster 
write ($project // .gen) ""
write ($project // .gen) "Generation %3d: " $num_confs
# Read in the full trajectory
get traj ($arc_file // .arc) average off off off Range 1 end 1
# Compare ave_conformer of cluster to all conformers in cluster 
loopl = 1
while($loopl <= $num_confs)
$conf_name = "CONF" // $conformer[$loopl]
Get Molecule Archive Frame $conformer[$loopl]
($arc_file // .arc) $conf__name -Reference_Object 
$RMS_dev = (Superimpose -End_Definition Atom off average 
$conf_name}
# check for diffusity of cluster 
if ($RMS_dev > $highest_RMS) 
highest_RMS = $RMS_dev 
end # end of if
write ($project // .gen) "Ave vs %3d = %f, "
$conf ormer [$loopl] $RMS__dev 
$loopl = $loopl + 1 
end #end of while
#
# if cluster is diffuse then exit 
if($highest_RMS > $diffusity)
break 
end # end of if 
end #of while 
# Tidy up a bit.
UNIX_command = "rm -f CONF*"
BCL_unix $UNIX_command 
delete object *
#
# End of Macro 
end macro
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Note this macro is now redundant since the clustering is now 
controlled by an external 'C  program.
# Macro to control clustering process.
# This macro accepts a trajectory, which then is analysed using Find_seeds
# to get all the seeds, sort(a C program) is called to refine the list of
# seeds and to cut down on the number of seeds. This macro then reads the
# output from sort and creates each cluster in turn.
#
# <arc_file>
# Trajectory of conformers, must be an .arc file
#
define_macro Gen_Clusters sstring arc_file 
lstring Unix_command 
int end_of_file 
int confl[500] 
int conf2[500] 
int Num_seeds 
int loopl 
float RMS[500] 
float Largest
#
# Clear any old files 
BCL_unix "rm -f Seeds"
Unix_command = "rm -f " // $arc_file 
Unixcommand = $Unix_command // ".seeds"
BCL_unix $Unix_command
#
# Get seeds for analysis 
Find_seeds $arc_file 0.1 
Unix_command = "sort " // $arc_file 
Unix_command = $Unix_command // ".seeds Seeds"
BCL_unix $Unix_command
#
# clear unwanted file 
Unix_command = "rm -f " // $arc_file 
Unix_command = $Unix_command // ".seeds"
BCL__unix $Unix_command
#
# read in seeds.
Num_seeds = 1 
Largest = 0.0
end_of_file = {read Seeds "%d %d %f" $conf1 [$Num_seeds]
$conf2[$Num_seeds] $RMS[$Num_seeds]} 
while($end_of_file)
Num_seeds = $Num_seeds + 1
end_of__file = {read Seeds "%d %d %f" $confl[$Num_seeds]
$conf2[$Num_seeds] $RMS[$Num_seeds]} 
if{$Largest < $RMS[$Num_seeds])
Largest = $RMS[$Num_seeds] 
end # end of if 
end # of while 
Num_seeds = $Num_seeds - 1
#
# Create cluster for each seed.
xiv
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loopl = 1
while($loopl <= $Num_seeds)
Build_cluster $arc_file (CSA_clust // $loopl) $confl[$loopl] 
$conf2[$loopl] ($Largest * 20) ($Largest * 40) 
loopl = $loopl + 1 
end #of while 
# end of macro 
endjmacro
Add_to_pulldown Find_seeds custom 
Add_to__pulldown Build_cluster custom 
Add_to_pulldown Gen_Clusters custom
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CHAPTER 4.2.2.6
Gen Clusters - clustering control program (page 105)
/* Program to control the generation of clusters by the Biosym Command */
/* Language Macro CSA.macro. The program generates a list of seeds using */ 
/* the macro Find_seeds, then generates clusters from this list of seeds. */ 
/* After each cluster is generated the program updates the list of seeds */ 
/* by removing any seeds which may generate clusters that have already */
/* been generated */
/* Issue the following IRIX environment command before usage */
/* setenv INSIGHT_INIT_LOCAL ./S_input */
/* USAGE Gen_Clusters <arc_file>
/* LIBRARIES */
#include <stdio.h>
#include <stdlib.h>
/* DEFINITIONS */
#define FALSE 0
#define TRUE !FALSE
#define NUM_CONFS 250
ttdefine CUTOFF1 20
#define CUTOFF2 40
#define MAXSEEDS NUM_CONFS/2
/* GLOBAL VARIABLES */
int MORE2DO = TRUE; 
char seeds[MAXSEEDS] [25] ;
/* PROTOTYPES */
int main(int argc, char *argv[]); 
int Control(char *arcfile); 
int gen_seeds(char *arcfile); 
int gen_cluster(int ref, char *fname); 
int update_seeds(int ref);
int check_seed(char *seed, int *cluster, int confs); 
int get_seeds(void);
int read cluster(int ref, int *cluster);
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/* MAIN PROGRAM */
int main(int argc, char *argv[])
{
if(argc == 1)
{
printf("Enter name of archive file: "); 
fflush(stdin); 
scanf("%s", argv[l]);
}
if(Control(argv[1])) 
return TRUE;
else
return FALSE;
}
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/* Routine to control cluster generation */ 
int Control(char *arcfile)
{
int cluster = 1;
char *str_ptrl, *str_ptr2, fname[20];
str_ptrl = arcfile; 
str_ptr2 = fname;
while (*str_jptrl 1= 1 .')
{
*str ptr2++ = *str_ptrl++;
}
*str_ptr2 = '\0'; 
if(check_arc(arcfile) )
{
/* generate seeds for arc_file */ 
printf("Generating seeds\n"); 
gen_seeds(fname);
/* While there are seeds generate clusters */ 
while(MORE2DO)
{
/* Generate a cluster */
printf("Generating cluster %d\n", cluster); 
if(gen_cluster(cluster, fname))
{
/* Update seeds */
printf("Updating list of seeds\n");
MORE2DO = update_seeds(cluster); 
cluster++;
}
else
{
printf("ERROR: unable to generate cluster\n"); 
return FALSE;
}
}
}
else
return FALSE;
}
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/* Routine to check for presence of arcfile */ 
int check_arc(char *arcfile)
{ FILE *arc_fptr;
if((arc_fptr = fopen(arcfile, "r")) != NULL)
{
close(arc_fptr); 
return TRUE;
}
else
{ printf("\nError cannot open %s for input\n", arcfile); 
return FALSE;
}
/* Routine to submit a batch job to generate seeds for the arcfile */ 
int gen_seeds(char *arcfile)
{
FILE *BCL_fptr; 
char syscall[80] ;
system("csh -c \"setenv INSIGHT_INIT_LOCAL ./S_input\"") ; 
if((BCL_fptr = fopen("S_input", "w")) != NULL)
{ fprintf(BCL_fptr, "source CSA.macro\n"); 
fprintf(BCL_fptr, "Find_seeds %s 0.l\n", arcfile); 
fprintf(BCL_fptr, "exit"); 
f close (BCL__fptr) ;
sprintf(syscall, "insightll -at > output\n");
system(syscall);
printf("Sorting seeds\n");
sprintf(syscall, "./sort %s.seeds Seeds", arcfile); 
system(syscall); 
return TRUE;
}
else
return FALSE;
}
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/* Routine to generate the next cluster */ 
int gen__cluster(int ref, char *fname)
{
PILE *BCL_fptr; 
char line[80]; 
int conf[2] ; 
float seed_rms;
system("rm -rf S_input"); 
system("rm -rf output");
/* get next seed */
if((BCL_fptr = fopen("Seeds","r")) != NULL)
{
fgets(line, 80, BCL_fptr);
sscanf(line, "%d %d, %f", &conf[0], &conf[1], &seed_rms); 
fclose(BCL_fptr);
if((BCL_fptr = fopen("S_input", "w")) != NULL)
{
fprintf(BCL_fptr, "source CSA.macro\n");
fprintf(BCL_fptr, "Build_cluster %s CSA_%d %d %d %f %f\n", 
fname, ref, conf[0], conf[1], seed_rms*CUTOFFl, 
seed_rms*CUTOFF2); 
fprintf(BCL_fptr, "exit\n"); 
fclose(BCL_fptr);
/* Call insightll to generate cluster */ 
system("insightII -at > output\n"); 
return TRUE;
}
else
{
printf("ERROR: cannot write to S_input <gen_cluster>\n"); 
return FALSE;
}
}
else
{
printf("ERROR: Cannot read Seeds <gen_cluster>\n"); 
return FALSE;
}
}
XX
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/* Routine to update the seeds based on previously generated cluster */ 
int update_seeds(int ref)
{
int cluster[250], i, conf[2], num_confs, num_seeds, count;
FILE *T_fptr;
if((T_fptr = fopen("Temp", "w")) == NULL)
{
printf("ERROR: cannot create Temp file <update_seeds>\n"); 
return FALSE;
}
printf("Getting current seed list\n"); 
num_seeds = get_seeds();
if(num_confs = read_cluster(ref, cluster))
{
count = 0;
for(i=0;i<num_seeds;i++)
{
if(check_seed(seeds[i], cluster, num_confs))
{
fputs(seeds[i], T_fptr); 
count++;
}
}
system("mv -f Temp Seeds");
}
else
{
printf("FATAL: Cannot continue\n"); 
return FALSE;
}
fclose(T_fptr);
printf("number of seeds left = %d <update_seeds>\n", count); 
return count;
}
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/* Routine to read in the conformers form a cluster */
/* returns the number of conformers in the cluster, or zero if no there */ 
/* is an error */
int read_cluster(int ref, int *cluster)
{
int i=0, digit; char clus_name[20], *cptr, num[4];
FILE *C_fptr;
printf("Getting cluster %d\n", ref); 
sprintf(clus_name, "CSA_%d.list", ref); 
if ( (C_fptr = fopen(clus_name, "r11) ) != NULL)
{
/* read the conformers in from file */ 
cptr = num; 
do 
{
digit = fgetc(C_fptr); 
if(isdigit((char)digit))
{
*cptr++ = (char)digit;
}
else 
’ {
*cptr = '\0' ;
♦(cluster + i) = atoi(num);
cptr = num;
i++;
}
}
while(digit != -1) ;
i__ .
fclose(C_fptr); 
return i;
}
else
{
printf("ERROR: cannot read %s\n", clus_name); 
return FALSE;
}
}
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/* Routine to get a list of current seeds */
/* returns the numbers of seeds found in the file Seeds */ 
int get_seeds(void)
{
FILE *S_fptr;
char *check;
int num_seeds = 0;
if((S_fptr = fopen("Seeds", "r")) != NULL)
{
do
{
check = fgets(seeds[num_seeds3, 30, S_fptr); 
num_seeds++;
}
while(check != NULL); 
num_seeds-“; 
return num_seeds;
}
else
{
printf("ERROR: Cannot read Seeds <get_seeds>\n"); 
return FALSE;
}
}
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/* Routine to decide to keep or reject a seed based on a given */
/* pregenerated cluster Returns TRUE if seed is to be kept or FALSE to */ 
/* reject it */
int check_seed(char *seed, int *cluster, int confs)
{
int conf[2] ; 
int check = 2 , i;
sscanf(seed, "%d %d %*s", &conf[0], &conf[1]);
puts(seed);
for(i=0;icconfs;i++)
{
i f ( c o n f [ 0 ]  = =  * ( c l u s t e r  +  i ) ) 
c h e c k - - ;  
i f ( c o n f [ 1 ]  = =  *  ( c l u s t e r  +  i )  ) 
c h e c k - - ;
}
printf("check = %d <check_seed>\n", check); 
return check;
}
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Chapter 4 . 2 . 2.6 
Sort - sorting program to remove potential duplicate seeds from a seed list (page 105)
/* Routine to read Seeds.list and sort out the seeds into best to worst. */
/* LIBRARIES */
#include <stdio.h>
/* DEFINITIONS */
#define FALSE 0 
#define TRUE !FALSE
/* PROTOTYPES */
int main{int argc, char *argv[3); 
int get_data(char *fname, int argc); 
void sort_data(void);
int output_data(char *fname, int argc);
/* GLOBAL VARIABLES */ 
struct List {
int confl; 
int conf 2; 
float RMS;
}LIST[500], TEMP[500]; 
int Num_seeds;
/* FUNCTIONS */
int main(int argc, char *argv[])
{
if(get_data(argv[1], argc) )
{
sort_data();
output_data(argv[2], argc); 
return TRUE;
}
else
return FALSE;
}
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/* get data */
int get_data(char *fname, int argc)
FILE *fptr;
char line[10000], record[25]; 
char *cptr, *sptr; 
int Cl, C2, BI, B2; 
float Cur_RMS, Best_RMS;
if(argc < 3)
{ printf("USAGE: sort <file to filter> <filtered file>\n"); 
return FALSE;
}if((fptr = fopen(fname, "r")) != NULL)
{ /* read in data */
/* first split the data for each conf n vs conf n to end */ 
cptr = line;
*cptr = getc(fptr); 
do 
{ while(*cptr != '/')
*++cptr = getc(fptr);
*cptr = 1\01;
/* anaylyse line to find best rms fit for conformer n */ 
LIST [Num__seeds] .RMS = 1000.0; 
sptr = record; 
cptr = line;
*sptr = *cptr; 
do 
{ while(*cptr != 1 *)
*++sptr = *++cptr;
*sptr = 1\01;
/* analyse record for RMS value */
sscanf(record, "%d,%d,%f", &C1, &C2, &Cur_RMS);
if(Cur_RMS < LIST[Num_seeds].RMS)
{ LIST[Num_seeds].conf1 = Cl;
LIST[Num_seeds].conf2 = C2;
LIST[Num_seeds].RMS = Cur RMS;
}sptr = record;
}while((*sptr = *++cptr) != !\01);
Num_seeds++; 
cptr = line;
}while((*cptr = getc(fptr)) != '|1);
Num_seeds--; 
fclose(fptr); 
return TRUE;
}else
{ puts("Can't open Seeds.list"); 
return FALSE;
}
}
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/* Sort Data */ 
void sort__data (void)
{
int i,j;
struct List Temp;
/* Bubble sort on conf2 */ 
for(i=0;i<Num_seeds;i++)
{
for(j =0;j <Num_seeds;j ++)
{
if(LIST[j].conf2 > LIST[j + l].conf2)
{
/* Swap */
/* Make Temp copy of j + 1 record */ 
Temp.confl = LISTEj + lj.confl; 
Temp.conf2 = LISTEj + l].conf2;
Temp.RMS = LIST[j+ 1].RMS;
/* Swap j to j+1 */
LISTEj + l].confl = LIST[j].conf1; 
LISTEj + 1] .conf 2 = LIST [j ] . conf 2 ; 
LISTEj + 1].RMS = LISTEj].RMS;
/* Put Temp copy into j record */ 
LIST[j].conf1 = Temp.confl;
LIST[j].conf2 = Temp.conf2;
LISTEj].RMS = Temp.RMS;
}
}
}
}
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/* output data */
int output_data(char *fname, int argc)
{
FILE *fptr;
int i, j =0, k, duplicate; 
struct List Temp;
if((fptr = fopen(fname,"w") ) != NULL)
{
i = 0; 
j = 0;
while(i < Num_seeds)
{
/* Get first seeds from existing LIST */
Temp.confl = LIST[i].conf1;
Temp.conf2 = LIST[i].conf2;
Temp.RMS = LIST [i] .RMS; 
i++;
/* filter out the duplicate conf2 entries by best RMS */ 
while(LIST[i].conf2 == Temp.conf2)
{
/* find the lower RMS value for conf2 entry */ 
if(LIST [i] .RMS < Temp.RMS)
{
Temp.confl = LIST[i].conf1;
Temp.conf2 = LIST[i].conf2;
Temp.RMS = LIST[i].RMS;
}
i++;
}
TEMP[j].conf1 = Temp.confl;
TEMP[j].conf2 = Temp.conf2;
TEMP[j].RMS = Temp.RMS;
j++;
}
Num_seeds = j - 1;
/* Filter out any duplicates of conf 1 in conf2 and vice versa */ 
k = 0 ;
duplicate = TRUE; 
while(duplicate)
{
duplicate = FALSE;
l — 1;
while((!duplicate) && (i < Num_seeds))
{
i++; 
j = -i;
while((!duplicate) && (j < Num_seeds))
{
j ++;
if(TEMP[i].conf1 == TEMP[j].conf2) duplicate = TRUE;
}
}
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if(duplicate)
{ printf("Duplicate detected: %d %d\n",i,j); 
if (TEMP [i].RMS < TEMP[j].RMS)
{
/* remove TEMP[j] from list */ 
printf("Removing %d %d %f \n", TEMP[j].conf1, 
TEMP[j].conf2, TEMP[j].RMS); 
for(k=j +1;k<Num_seeds;k++)
{
TEMP[k-lj .conf1 = TEMP[k].conf1;
TEMP[k-1].conf2 = TEMP[k].conf2;
TEMP[k-13 -RMS = TEMP[k].RMS;
}
Num_seeds--;
}
else
{
/* remove TEMP [i] from list */
printf("Removing %d %d %f \n", TEMP [i] .conf1, 
TEMP[i].conf2, TEMP[i].RMS); 
for(k=i+l;k<Num_seeds;k++)
{
TEMP[k-1].conf1 = TEMP[k].conf1;
TEMP[k-1].conf2 = TEMP[k].conf2;
TEMP [k-1] .RMS = TEMP[k] .RMS;
i _ _  ;
}
Num_seeds--;
}
}
}
/* sort LIST by RMS and output results */ 
for(i=0;i<Num_seeds;i++)
{
for(j=0;j<Num_seeds;j++)
{
/* Bubble sort the RMS data into best to worst*/ 
if(TEMP[j + 1].RMS < TEMP[j].RMS)
{
/* swap data */
/* swap j + 1 to Temp */
Temp.confl = TEMP[j+1].conf1;
Temp.conf2 = TEMP[j+1].conf2;
Temp.RMS = TEMP[j+1].RMS;
/* swap j to j + 1 */
TEMP[j+1].conf1 = TEMP[j].confl;
TEMP[j+1].conf2 = TEMP[j].conf2;
TEMP[j+1].RMS = TEMP[j] .RMS;
/* swap Temp to j */
TEMP[j].conf1 = Temp.conf1;
TEMP[j].conf2 = Temp.conf2;
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TEMP[j].RMS = Temp.RMS;
}
}
}
for(i=0;i<Num_seeds;i++)
fprintf(fptr, "%d %d %f\n", TEMP[i].conf1, TEMP[i].conf2, 
TEMP[i].RMS); 
fclose(fptr); 
return TRUE;
}
else
{
puts("Unable to open Short_list.seeds for output"); 
return FALSE;
}
}
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CHAPTER 5.1.3.2
RMS comparison by residue (page 132)
# Macro to compare to proteins by residue. The macro reads in the
# two proteins. The files must have identical atom orders and residue
# configurations) the sequentially compares each residue in the one
# protein to the other.#
#
# USAGE RMS_by_Residue <Prot file 1> <Prot file 2> <Num_Res> <Mode>
#
# Where mode is Atom (all atoms) Backbone (backbone atoms)
# Heavy (non-hydrogen atoms)
#
# Define_macro RMS_by_Residue lstring fnamel lstring fname2 int Num_res
sstring RMSMode
#
#Declarations 
int loop 
float RMS_dev 
lstring Residuel 
lstring Residue2 
lstring out_str 
lstring outfile 
#select amber forcefield
#
Builder
Select Clear_Potentials -Clear_Charges
/usr/biosym/230/irix405_r3/biosym_lib/amber.frc -Make_Copy 
outfile = "RMS_by_Res_" // $RMSMode 
outfile = $outfile // ".rms"
#
#Read in proteins to compare by residue 
out_str = "RMS comparison of " // $fnamel
out_str = $out_str // " "
out_str = $out_str // $fname2 // " Mode:"
out_str = $out_str // $RMSMode
write $outfile $out_str 
write $outfile ""
Get Molecule Archive Frame 1 $fnamel PR0T1 -Reference_Obj
Get Molecule Archive Frame 1 $fname2 PR0T2 -Reference_Obj
#
#Loop through residues 
loop = 1;
while ($loop <= $Num_res)
Residuel = PR0T1 // ":"
Residuel = $Residuel // $loop 
Residue2 = PR0T2 // ":"
Residue2 = $Residue2 // $loop
RMS_dev = {Superimpose -End_JDefinition $RMSMode -"Label Mode" 
$Residuel $Residue2} 
out_str = $loop // ": "
out_str = $out_str // $RMS_dev
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write $outfile $out_str 
write $outfile "" 
loop = $loop + 1 
end # end of while endmacro
#
Add_to_pulldown RMS_by_Residue transform
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CHAPTER 5.1.3.3
Backbone dihedral comparison (page 132)
Define_macro BB_Torsions lstring fnamel sstring obj_name lstring Atom_list 
int Num_res lstring outfile
#
#Declarations 
int loop 
int count 
lstring out_str 
ident Atoms[4] 
float dihedral
#
#select amber forcefield 
Builder
Select Clear_Potentials -Clear_Charges
/usr/biosym/230/irix405_r3/biosym_lib/amber.frc -Make_Copy
#
#Read in proteins to compare by residue
Get Molecule Archive Frame 1 $fnamel $obj_name -Reference_Obj
#
#Report work to be done
out_str = "Torsional investigation of the backbone of" // $fnamel
write $outfile $out_str
write $outfile ""
loop = 1
count = 1
while ($count <= 4)
read $Atom_list "%s" $Atoms[$count] 
count = $count +1 
end # while
#
#Loop through residues 
while ($loop < $Num_res)
dihedral = {Dihedral -Monitor -Output_File -180 180 $Atoms[1]
$ Atoms [2] $ Atoms [3] $ Atoms [4] } 
out_str = $Atoms[1] // " " 
out_str = $out_str // $Atoms[2] // " "
out_str = $out_str // $Atoms[3] // " "
out_str = $out_str // $Atoms[4] // "Psi = "
out_str = $out_str // $dihedral
write $outfile $out_str 
write $outfile 11" 
count = 1
while ($count <= 3)
Atoms[$count] = $Atoms[($count + 1)3 
$count = $count + 1 
end # while
read $Atom_list "%s" $Atoms[4]
dihedral = {Dihedral -Monitor -Output_File -180 180 $Atoms[1]
$Atoms[2] $Atoms[3] $Atoms[4]} 
out_str = $Atoms[13 // " "
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out_str = $out_str // $Atoms[2] // " "
out_str = $out_str // $Atoms[3] // " "
out_str = $out_str // $Atoms[4] // "Omega = "
out_str = $out_str // $dihedral
write $outfile $out_str
write $outfile ""
count = 1
while ($count <= 3)
Atoms[$count] = $Atoms[($count + 1)]
$count = $count + 1 
end # while
read $Atom__list "%s" $ Atoms [4]
dihedral = {Dihedral -Monitor -Output_File -180 180 $Atoms[1] 
$Atoms[2] $Atoms[3] $Atoms[4]} 
out_str = $Atoms El] // " " 
out_str = $out_str // $Atoms[2] // " "
out_str = $out_str // $Atoms[3] // " "
out_str = $out__str // $Atoms [4] // "Phi = "
out_str = $out_str // $dihedral
write $outfile $out_str 
write $outfile "" 
count - 1
while ($count <= 3)
AtomsE$count] = $Atoms[{$count + 1)]
$count = $count + 1 
end # while
read $Atom_list "%s" $Atoms[4] 
loop = $loop + 1 
end # end of while 
end_macro 
#
Add_to_jpulldown BB_Torsions transform
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